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Sugar Phosphate Levels in the Mitochondrial Pasteur Effect* 


ALAN C. AISENBERG 


From the Department of Medicine, Harvard Medical School, and the Medical Services of the 
Massachusetts General Hospital, Boston, Massachusetts 


(Received for publication, June 19, 1958) 


In previous studies (1, 2) a Pasteur effect was described in a 
particulate system. It was found possible to inhibit both the 
lactate production and glucose utilization of a glycolytic system 
(high speed supernatant fraction of brain or tumor) by the addi- 
tion of an oxidative system (liver mitochondria). On the basis 
of these early studies it was suggested that the mitochondrial 
inhibition acted on the phosphohexokinase reaction, and certain 
evidence suggested that hexokinase might be inhibited also. 

The present experiments represent a continuation of this work. 
To establish more securely the site in the glycolytic chain of 
the mitochondrial inhibition it was believed to be desirable to 
measure the levels of the individual sugar phosphates. Thus 
the levels of glucose 6-phosphate, fructose 6-phosphate, hexose 
diphosphate, and glyceraldehyde 3-phosphate have been deter- 
mined in the presence and the absence of mitochondrial inhibi- 
tion. Enzymatic methods were found most convenient for 
these measurements. The results obtained are consistent with 
the postulated mitochondrial inhibition of phosphohexokinase. 


EXPERIMENTAL 


Incubations—Incubations were performed in 50-ml. Erlen- 
meyer flasks gassed with a 95 per cent O.-5 per cent CO: gas 
mixture. The flasks contained 6.0 ml. of fluid at pH 7.4 and 
were agitated for 30 minutes in a circular Warburg bath at 38°. 
Liver mitochondria were prepared in isotonic sucrose by the 
method of Schneider and Hogeboom (3), and brain supernatant 
fraction was obtained by centrifugation of a 20 per cent sucrose 
homogenate at 105,000 x g for 1 hour. Each flask contained 
the following additions with final concentrations in parentheses: 
40 pmoles of glucose (0.007 m), 4 umoles of ADP (0.0007 o), 
0.6 umole of DPN (0.0001 m), 240 uwmoles of nicotinamide (0.04 
mM), 150 umoles of KHCO; (0.025 m), and 24 uwmoles of MgCl. 
(0.004 m). The solution was adjusted to 250 milliosmols with 
solid sucrose. Experimental details were otherwise the same 
as those of the previous communications (1, 2). 

Preparation of Samples—After the incubation the flasks were 
chilled to 0°, the mitochondria were removed by centrifugation 
at 25,000 x g for 3 minutes in the high speed attachment of a 
model PR-1 International refrigerated centrifuge. Then 0.6 
ml. of 6 N perchloric acid was added to the still chilled flask 
contents and the protein was removed by centrifugation. The 


* This is Publication No. 240 of the Robert Lovett Memorial 
Laboratories for the Study of Crippling Disease, Harvard Med- 
ical School and Massachusetts General Hospital, Boston, Mass- 
achusetts. This investigation was supported by Research Grant 
No. A-1975, from the National Institute of Arthritis and Meta- 
bolic Diseases, National Institutes of Health, United States Pub- 
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perchloric acid was next neutralized with 2 nN KOH (to pH 7.2 
with the use of phenol red), and the potassium perchlorate was 
removed by centrifugation. After removing an aliquot for 
lactate analysis, a drop of KOH was added to the remainder 
which was then passed through a column of Dowex 1! chloride 
(2.5 ml. of resin contained in columns made from 5.0-ml. sero- 
logical pipettes). Water (30 ml.) was then passed through the 
column to remove all neutral sugars, after which the acidic 
components were eluted from the resin with 30.0 ml. of 0.1 n 
HCl. The HCl eluate was frozen and lyophilized in a desic- 
cator attached to an oil pump. The dry residue was then taken 
up in 2.8 ml. of water for enzymatic studies. 

Determination of Glucose 6-Phosphate and Fructose 6-Phos- 
phate—Glucose 6-phosphate was determined with TPN and 
glucose 6-phosphate dehydrogenase, by the method of Slein (4). 
Into a 1.2-ml. quartz Beckman cuvette 0.3 ml. of 0.25 m glycyl- 
glycine buffer, pH 7.5; 150 ug. of TPN; 0.8 ml. of water; and 
0.1 ml. of sample were pipetted. The optical density at 340 
my was measured with a Beckman model DU spectrophotom- 
eter; 0.02 ml. of glucose 6-phosphate dehydrogenase solution 
containing 25 wg. of enzyme was added, and the optical density 
followed until it reached a constant value. From the increase 
in optical density the amount of glucose 6-P was calculated. 

Fructose 6-phosphate could be determined on the same sample 
after glucose 6-P determination by measurement of the second 
increment in 340 absorption after the addition of 100 ug. of phos- 
phohexose isomerase. However, it was found more accurate to 
determine fructose 6-P as the difference in the F340 increments 
resulting from the addition of glucose 6-phosphate dehydro- 
genase to two parallel samples, one of which had received pre- 
viously an addition of phosphohexose isomerase. 

Because the preparations of commercial glucose 6-phosphate 
dehydrogenase contained hexokinase and the reaction medium 
in the present experiments contained glucose, ATP, and Mg, 
it was essential to remove the glucose from the medium before 
determination of glucose 6-P and fructose 6-P by passing the 
contents of the flask through Dowex 1. Contamination of 
the glucose 6-phosphate dehydrogenase with phosphohexose 
isomerase and 6-phosphogluconic dehydrogenase, although pres- 
ent, was demonstrated by studies with known sugar phosphates 
not to lead to significant errors at the enzyme levels used. Since 
the reaction medium contained DPN, it was necessary to verify 
TPN-dependence of the reactions studied. Such studies failed 
to reveal any DPN-dependent F3 increment after glucose 6- 
phosphate dehydrogenase addition. Similar studies with known 
sugar phosphates, in the presence and absence of TPN and glu- 
cose 6-phosphate dehydrogenase failed to reveal significant 
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contaminating enzymes in the crude phosphohexose isomerase 
preparation. 

Determination of Hexose Diphosphate and Glyceraldehyde 3- 
Phosphate—Glyceraldehyde 3-phosphate and hexose diphos- 
phate were determined spectrophotometrically with DPN and 
crystalline glyceraldehyde 3-phosphate dehydrogenase and 
aldolase by the method of Cori et al. (5). Into a 1.2-ml. quartz 
Beckman cuvette were pipetted 1.0 ml. of 0.03 m sodium pyro- 
phosphate solution (pH 8.5, with 0.004 m cysteine and 0.0001 
mM DPN); 0.1 ml. of 0.09 m sodium arsenate; and 0.1 ml. of sample 
to be assayed. The optical density at 340 my was read, 1.6 
ug. of glyceraldehyde 3-phosphate dehydrogenase (0.01 ml.) 
were added, and the optical density at 340 was followed until 
it reached a constant value. This increase in optical density 
was used to calculate the level of glyceraldehyde 3-phosphate. 
To the same cuvette 10 wg. of aldolase (0.01 ml.) were next 
added, and the increase in 340 absorption was again followed un- 
til a constant value was reached. From this second increase 
the level of hexose diphosphate was calculated. Neither en- 
zyme preparation contained sufficient lactic dehydrogenase at 
the enzyme concentrations used to interfere with the results. 

Materials—Glyceraldehyde 3-phosphate dehydrogenase (crys- 
tallized five times), aldolase (crystallized five times), glucose 6- 
phosphate dehydrogenase (Type III), glucose 6-P (dipotassium), 
phosphohexose isomerase, DPN, TPN, and ATP were all ob- 
tained from the Sigma Chemical Company. Hexose diphosphate 
was obtained from the Nutritional Biochemical Corporation, 
and fructose 6-P was a Schwartz Laboratories product. 

Miscellaneous—Inorganic phosphate was determined by the 
method of Fiske and SubbaRow (6), and the method of Barker 
and Summerson (7) was used for lactate determinations. The 
Nelson (8) modification of the Somogyi method was used to deter- 
mine reducing sugar, and fructose determination was made by 
the method of Roe (9). 

All experiments were performed in duplicate and each experi- 
ment was repeated at least twice with consistent results. 


RESULTS 


Table I records the measured values of the various sugar phos- 
phates in an experiment in which varying amounts of mitochon- 
dria (equivalent to 0.8 to 4.0 gm. of rat liver) were added to the 
high speed glycolyzing supernatant fraction of brain. The lowest 
level of mitochondria addition produces partial inhibition of 
lactate accumulation, but the higher levels produce a negative 


TABLE I 
Levels of individual sugar phosphates 
The final levels of the individual sugar phosphates were deter- 
mined enzymatically, and are expressed as uwmoles per flask. All 
flasks contained supernatant fraction equivalent to 400 mg. of 
rat brain plus the standard additions and were incubated under 
standard conditions. 


Superna- | Supernatant | Supernatant | Supernatant 
tant fraction plus | fraction plus | fraction plus 
fraction 0.8 gm. 2.0 gm. 4.0 gm. 
alone j|mitochondria mitochondria |mitochondria 
A Lactate..............| +9.2 +3.4 —1.6 —2.8 
Glucose 6-P........... 04 45 34 17 
Fructose 6-P........... .O1 .08 .04 
Hexose diphosphate....; 1.80 02 .02 .02 
Glyceraldehyde 3-P.... .02 .O1 .00 .00 
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Effect of hexose diphosphate addition on final level of 
sugar phosphates 


The final levels of the individual sugar phosphates were deter- 
mined enzymatically and are expressed in wmoles per flask. All 
flasks contained supernatant fraction equivalent to 400 mg. of 
brain, and flasks with mitochondria contained mitochondria 
equivalent to 1.6 gm. of liver. Conditions are the same as Table I. 


3.1 wmoles of hexose 


No hexose diphosphate 
added diphosphate added 


Superna- | Supernatant Supernatant Supernatant 
tant frac- fraction plus’ fraction fraction plus. 
tion alone | mitochondria alone |mitochondria 
Fructose 6-P............. 0.01 0.05 | 0.05 0.11 
Hexose diphosphate...... 1.3 0.03 3.0 0.37 
Glyceraldehyde 3-P..... 0.06 ~ 0.04 | 0.04 0.04 
TABLE III 


Utilization of hexose diphosphate and glucose 6-phosphate 
by isolated mitochondria in absence of supernatant 
glycolytic system 
Each flask contained mitochondria equivalent to 1.6 gm. of 
rat liver and all standard additions except glucose. All values 
are expressed in wmoles per flask for standard incubation con- 
ditions. 


| Flask 3, 8.2 

_ phate or glu- jhexose diphos- phosphate glucose-6- 

cose-6-P added; phate added odie P added 
A Phosphate.......... +13.2 +13.1 +14.2 +16.1 
A Reducing sugar..... 0.5 +2.0 +2.1 0.0 
A Hexose diphosphate. +0.6 —3.0 —4.6 +0.4 
A Glucose 6-P........ +0.03 +0.15 +0.08 —5.7 
A Fructose 6-P........ +0.00 +0.08 +0.09 | +4+1.3 
accumulation. This negative accumulation represents oxida- 


tion by the mitochondria of lactate natively present in the super- 
natant fraction. Glucose utilization is not recorded in this 
table, but previous work has indicated that inhibition of glucose 
utilization and of lactate accumulation in this system parallel 
each other (1). As compared with the levels in the supernatant 
glycolytic system alone, there is marked elevation of the levels 
of glucose 6-P and fructose 6-P when mitochondria are added. 
This elevation persists at the intermediate level of mitochondrial 
addition, but has fallen off to about half its highest value (still 
4 times the value of the supernatant system alone) at the highest 
value of mitochondrial addition. On the other hand, the level 
of hexose diphosphate, which is quite high in the glycolytic sys- 
tem alone, drops to a very low value with even the lowest addi- 
tion of mitochondria and remains low with increasing additions 
of mitochondria. It is probably beyond the accuracy of the 
method to discriminate as to whether the level of hexose diphos- 
phate is actually constant over the range of mitochondrial addi- 
tions. The levels of glyceraldehyde 3-phosphate, presented 
in the last line of Table I, are very low throughout but appear 
to parallel the levels of hexose diphosphate. 


| 
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Table II presents data from an experiment in which the levels 
of sugar phosphates were determined in the inhibited and unin- 
hibited glycolytic systems in the presence and absence of added 
hexose diphosphate. The levels of all the sugar phosphates 
in the absence of added hexose diphosphate are completely 
comparable to those of the first and the last columns of Table 
I and do not require further comment. With the addition of 3.1 
pmoles of hexose diphosphate there is a marked stimulation of 
Jactate accumulation in the flasks containing supernatant frac- 
tion alone, whereas in the flasks containing mitochondria the 
addition of hexose diphosphate has resulted in a small accumula- 
tion of lactate. In the presence of added hexose diphosphate 
the levels of glucose 6-P and fructose 6-P are 2 to 3 times higher 
than in its absence, but the relation between inhibited and un- 
inhibited values is the same. ‘This is also true of the final levels 
of hexose diphosphate. 

The studies on the utilization of hexose diphosphate and 
glucose 6-P by mitochondria in the absence of supernatant 
glycolytic system, presented in Table III, are necessary for the 
interpretation of the data of Table I and II. The data of Table 
III indicate that there is utilization of hexose diphosphate 
by mitochondria without any hexose diphosphate-dependent 
release of inorganic phosphate and without a concomitant release 
of reducing sugar. Isolated mitochondria convert part of added 
glucose 6-P to fructose 6-P. 


DISCUSSION 


Previous studies of the mitochondrial Pasteur effect have sug- 
gested the existence of mitochondrial inhibition of the phospho- 
hexokinase reaction (2). The evidence for inhibition of this 
reaction was the inability of mitochondria to inhibit the glycoly- 
sis of hexose diphosphate, and the utilization of hexose diphos- 
phate in a system in which mitochondria inhibited glucose utili- 
zation. The present experiments afford additional and more 
direct evidence that phosphohexokinase inhibition is an impor- 
tant feature of the mitochondrial Pasteur effect. In the in- 
hibited system the level of hexose diphosphate is very low, but 
the levels of glucose 6-P and fructose 6-P are quite high com- 
pared to the uninhibited system. This finding that the system 
in which there is mitochondrial-inhibited glycolysis is charac- 
terized by a higher level of fructose 6-P and glucose 6-P and a 
lower level of hexose diphosphate than the uninhibited system, 
favors the view that there is inhibition between fructose 6-P and 
hexose diphosphate, 7.e. mitochondrial inhibition of phospho- 
hexokinase. Inhibition of phosphohexokinase could lead to 
decreased glucose utilization through glucose 6-P-mediated 
inhibition of hexokinase. The final level of glucose 6-P in the 
present experiments (0.8 X 10-4 Mm) may be compared with the 
following figures of Crane and Sols (10): 17 per cent inhibition 
of hexokinase at a glucose 6-P level of 1 « 10-4m and 50 per cent 
inhibition at 6 x 10-4m. The fact that the published figures 
on glucose 6-P inhibition of hexokinase were obtained with a 
purified hexokinase from the particulate fraction of calf brain, 
whereas the present studies involved unpurified hexokinase from 
the soluble fraction of rat brain, may explain the poor correlation 
in the two systems. 

A falling off of the level of fructose 6-P and glucose 6-P in 
the inhibited system is noted at very high levels of mitochondria 
addition (Table I). This could be a manifestation of either 
simultaneous hexokinase inhibition or of alternate pathway utili- 
zation of hexose monophosphate by mitochondria. Clearly, 
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this falling off of hexose monophosphate suggests an effect of 
mitochondria on glycolysis in addition to phosphohexokinase 
inhibition. 

The studies on the utilization of hexose diphosphate by iso- 
lated mitochondria (Table III) were done to rule out dephos- 
phorylation of hexose diphosphate to fructose 6-P or glucose 
by specific (11) or nonspecific phosphatases, a reaction which 
could equally well explain the observed sugar phosphate data. 
The data of Table III indicate that although there is considerable 
utilization of hexose diphosphate by isolated mitochondria, 
there is no appreciable conversion to hexose monophosphate. 
This is confirmed by the observation that there is no hexose 
diphosphate-dependent release of inorganic phosphate. This 
latter observation, and the finding that there is only a small 
increase in reducing sugar upon the addition of hexose diphos- 
phate to isolated mitochondria, rule out important dephos- 
phorylation of hexose diphosphate to glucose. The fate of 
the utilized hexose diphosphate is not known at present, although 
the absence of inorganic phosphate release indicates that the 
hexose diphosphate is not completely oxidized via the Krebs’ 
cycle, and direct measurement has indicated that there is no 
significant lactate accumulation either. 

Table Il compares the levels of sugar phosphates in inhibited 
and uninhibited systems in the presence and absence of added 
hexose diphosphate. In the supernatant fraction without mito- 
chondria, added hexose diphosphate causes a marked stimulation 
of glycolysis, an observation which is consistent with the view 
that the limiting glycolytic reaction in the present system is a 
reaction prior to hexose diphosphate. At this level of hexose 
diphosphate addition (3.1 uwmoles) mitochondria are still able to 
inhibit lactate accumulation (Table II), and glucose utilization 
((2), Table V) of the supernatant fraction. The inhibition of 
lactate accumulation in the presence of low levels of added hexose 
diphosphate is accounted for by several mechanisms. Mito- 
chondrial inhibition of phosphohexokinase appears to operate in 
the presence of added hexose diphosphate as evidenced by the 
elevated levels of glucose 6-P and fructose 6-P of the inhibited 
system. Secondly, there is direct oxidation of lactate by mito- 
chondria; under the conditions of Table II liver mitochondria 
equivalent to 1.6 gm. of tissue oxidize 4.7 uwmoles of lactate. 
Finally, as illustrated in Table III, mitochondrial utilization of 
hexose diphosphate unassociated with lactate formation may 
occur. It should be noted that addition of much larger amounts 
of hexose diphosphate will overcome the mitochondrial Pasteur 
effect ((2), Fig. 5). 

Suggestions that the Pasteur effect operates through inhibition 
of phosphohexokinase have been made in the past. Engel’hardt 
(12) first suggested it as a result of experiments on the sensitiv- 
ity of purified phosphohexokinase to mild oxidizing agents. 
Iwakawa (13), studying the glycolysis of various sugars and 
sugar phosphates in muscle slices under aerobic and anaerobic 
conditions, also arrived at the conclusion that phosphohexokinase 
inhibition was operating in the Pasteur effect. 

The Pasteur effect is undoubtedly a very complex phenomenon, 
and it is unlikely that a single mechanism will be found to ex- 
plain this phenomenon in all systems and under all conditions. 
Previous studies on the mitochondrial Pasteur effect have shown 
that a component of the mitochondrial inhibition of lactate 
accumulation involves direct mitochondrial oxidation of pyruvate 
and DPNH. The present studies on the levels of the sugar 
phosphates strongly support the view that mitochondrial inhibi- 
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tion of phosphohexokinase is a second component of the Pasteur in a system in which a Pasteur effect was produced by the addi- 
effect in this system. tion of isolated mitochondria to a glycolyzing system. 
_ SUMMARY 2. The levels of these compounds were consistent with the 
1. The levels of hexose diphosphate, glucose 6-phosphate, and view that the mitochondrial Pasteur effect acted through phos- 
fructose 6-phosphate have been measured by enzymatic methods — phohexokinase inhibition. 
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A new pathway for the metabolism of galactose which differs 
from the galactokinase-galactouridyl transferase scheme of 
Trucco et al. (1) and Caputto et al. (2) has been reported for 
Pseudomonas saccharophila by De Ley and Doudoroff (3). In 
this organism adapted to utilize galactose as a substrate, a di- 
phosphopyridine nucleotide-linked oxidation converts the sugar 
to y-galactonolactone. The lactone is hydrolyzed to the acid, 
dehydrated to the 3-keto-3-deoxy derivative and then hydrolyzed 
in a step requiring adenosine 5’-triphosphate to yield pyruvic 
acid and p-glyceraldehyde 3-phosphate. Purification and fur- 
ther characterization of the enzymes were not carried out. 
Dowling and Levine (4) have studied an enzyme in Malleomyces 
pseudomallei which oxidizes galactose and glucose to the cor- 
responding hexonic acids. 

In the present study, an enzyme produced by the fungus 
Polyporus circinatus Fr., which oxidizes galactose to the y-galac- 
tonolactone in the presence of oxygen is reported. This enzyme, 
which can be isolated from the medium in which the fungus 
grows, does not require diphosphopyridine nucleotide or triphos- 
phopyridine nucleotide in the oxidation of galactose for which it 
has a high degree of specificity. 


EXPERIMENTAL 


Methods 


Cultures of P. circinatus Fr. were grown at room temperature 
with rotary shaking on 250 ml. of liquid mineral medium! in 
1000-ml. Erlenmeyer flasks. The medium was harvested by 
filtration, dialyzed overnight against distilled water or phosphate 
buffer, pH 6.8, and concentrated by evaporation under reduced 
pressure at room temperature. The dialyzed medium contained 
from 0.1 to 0.57 mg. of protein per ml. In some instances, fur- 
ther concentrations and purification were carried out with use of 
the calcium phosphate gel of Tiselius (5). A preparation dia- 
lyzed against 0.02 m phosphate buffer, pH 6.8 was treated with 
0.2 volume of gel which had been equilibrated against the same 
buffer. The gel with the absorbed activity was collected by 


* This work has been aided by contract AT(11-1)-89, Project 
14 between the United States Atomic Energy Commission and 
Northwestern University. 

1The medium contained the following constituents in 2 1. of 
solution: galactose, 30 gm.; monobasic potassium phosphate, 32.6 
gm.; dibasic sodium phosphate, 3.2 gm.; ammonium sulfate, 4 
gm.; ammonium nitrate, 2 gm.; magnesium sulfate, 1.0 gm.; potas- 
sium chloride, 3.0 gm.; sodium chloride, 1.0 gm.; calcium chloride, 
0.2 gm.; sodium molybdate, 1.7 mg.; cuprous chloride, 0.3 mg.; 
ferric nitrate, 3.6; zine sulfate, 1.7 mg.; manganese sulfate, 1.3 
mg. The final pH was adjusted to 6.8 before sterilization at 5 
pounds pressure for 30 minutes. 


centrifugation and washed with 5 volumes of 0.1 mM phosphate 
buffer, pH 6.8. The crude enzyme or purified preparations 
could be stored for several weeks in the frozen state without 
appreciable loss of activity. : 

The enzymatic activity was determined by estimation of 
oxygen consumption in Warburg flasks at 26°. The substrates 
were added from the side arm of the flask after temperature 
equilibration. 

Reducing sugars were determined by Somogyi’s method (6), 
and protein by the method of Warburg and Christian (7). Lac- 
tones were estimated by the method of Hestrin (8). Descending 
chromatograms were used for the identification of products in 
the reaction mixture. The solvent systems propanol-formic 
acid-water (6:3:1) and butanol-ethanol-water (4:1:1) were 
employed. The reaction mixture, adjusted to pH 8, was passed 
through a column of Dowex 2 in the chloride form which removed 
the product and permitted its separation from unchanged galac- 
tose. The product could be eluted with 0.12 m HCl, which 
was subsequently removed by evaporation under reduced pres- 
sure. Alkaline silver nitrate spray (9) was used to detect galac- 
tose and galacturonic acid, hydroxylamine to detect y-galactono- 
lactone (10) and o-phenylenediamine to detect a-keto acids (11). 


RESULTS 


Influence of pH, Buffers, and Buffer Concentrations on Enzyme 
Reaction—The relation between enzyme activity and pH is shown 
in Fig. 1. Phosphate buffers at a final concentration of 0.15 m 
were used, and the pH of the reaction mixture was measured 
with a glass electrode. The enzyme appears to be inactive be- 
low pH 5 and to have its maximal activity at pH 7.0 to 7.3. 
Variation in the final concentration of the phosphate buffers 
from 0.02 m to 0.20 m did not influence the rate of oxygen uptake. 
Well-dialyzed enzyme preparations exhibited the same activity 
in maleate buffer as in phosphate buffer at the same pH. 

Effect of Substrate Concentration and Oxygen Tension on Enzyme 
Reaction—The effect of galactose concentration on enzyme ac- 
tivity was determined in a system containing enzyme, catalase, 
and FMN.? The galactose concentration was varied from 0.0025 
to 0.33 mM. Results are given in Fig. 2 in which the number of 
ul. of O2 taken up per hour is related to substrate concentration. 
The Michaelis constant, A,,, calculated by the method of Dixon 
(12) was 0.021 m which is of the same order of magnitude found 
by Franke and Lorenz (13) with a crude preparation of notatin, 
but is considerably higher than the value of 0.0042 m which Keilin 
and Hartree (14) report for crystalline notatin. 

The influence of oxygen content on enzyme content is shown 


2 The abbreviation used is: FMN, flavin mononucleotide. 
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Fia. 1. Effect of pH on enzyme activity. System: 1.0 ml. of en- 
zyme preparation; 0.1 ml. of catalase; 1.2 ml. of 0.2 m phosphate 
buffer; 0.5 ml. of 2.0 m galactose; 0.2 ml. of 1.5 K 10°? m FMN; 
temperature 26°. 


OXYGEN UPTAKE yl/hour 


° 4 
-3 -2 | 
LOG MOLAR CONCENTRATION OF GALACTOSE 
Fic. 2. Effect of galactose concentration on enzyme activity. 
System: 2.0 ml. of enzyme preparation; 0.1 ml. of catalase; 0.3 
ml. of 0.5 m phosphate buffer, pH 6.9; 0.1 ml. of 1.5 K 10°?m FMN; 
0.5 ml. of galactose solution; temperature 26°. 


in Table I from which it can be seen that the activity in pure 
oxygen was 5 times higher than in air. The flasks were treated 
with the gas mixtures for 10 minutes. 

Nature of Enzyme—The characteristics of the enzymatic ac- 
tion suggested that the enzyme might be a flavoprotein, and the 
effects of the addition of FMN and FAD on the activity of a 
preparation, which had been exhaustively dialyzed against dis- 
tilled water at 5°, were studied. The results are presented in 
Fig. 3. The data suggest that FMN is the prosthetic group of 
the enzyme. FAD is less effective in increasing the activity of 
a dialyzed preparation. 

Further data on the nature of the prosthetic group were ob- 
tained by lowering the pH of an enzyme preparation to promote 
dissociation of the flavin from the enzyme molecule (15). The 
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pH of an enzyme solution was lowered to 4.0 with 0.85 M acetic 
acid in an ice bath. After stirring the mixture for 30 minutes 
in the cold, powdered NaHCO; was added until the pH reached 
7.0. The activity of the original enzyme solution was compared 
to that after treatment with acid and in the presence of FMN 
and FAD. The data are given in Table II. 

Failure to completely restore the activity of dialyzed prepara- 
tions with FMN suggested that other factors might be involved. 
Since De Ley and Doudoroff (3) reported that the enzyme which 
oxidizes galactose in P. saccharophila requires DPN, the effect of 


TABLE I 
Effect of oxygen tension on oxidation of galactose 


The system contained 2.0 ml. of dialyzed enzyme preparations; 
catalase; 0.02 m phosphate buffer, pH 7.0; 1 umole of galactose; 
1 X 10-? mM FMN;; temperature 26°. 


Oz in gas phase Enzyme activity ul. of Oz per 5 minutes 
% 
18 45 
50 70 
100 224 
350 


OXYGEN UPTAKE ypi/hour 
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Fig. 3. Effect of FMN and FAD on activity of a well-dialyzed 
enzyme preparation. System: 2.0 ml. of enzyme preparation; 0.1 
ml. of catalase; 0.2 ml. of 0.5 m phosphate buffer, pH 6.9; 0.5 ml. 
of 2.0 m galactose; 0.2 ml. of FMN or FAD solution. 


TaBLeE II 
Effect of FAD and FMN on enzyme activity after acidification to 
pH 4 in cold and neutralization to pH 7.0 
The system contained: 2.0 ml. of enzyme preparation; catalase; 
0.02 m phosphate buffer, pH 7.0; 1 umole of galactose, tempera- 
ture 26°. 
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DPN and TPN on oxygen uptake was studied. At concentra- 
tions of 4.5 X 10-3 Mm neither substance had any effect on enzyme 
activity. Other cofactors found to be without influence on oxy- 
gen uptake in combination or alone were 1.5 X 10°? Mm ATP, 
1.5 mM UTP, and 10-3 m cytochrome c. 

To investigate the possibility that the enzyme was a metallo- 
enzyme, the effect of metal-binding agents and metal ions on 
the activity of a well-dialyzed preparation was studied. The 
results for the inhibitors are given in Table III. The inhibition 
by the chelating agents, diethyldithiocarbamate, o-phenanthro- 
line, and hydroxylamine suggests that the enzyme is a metallo- 
protein (16). Sodium azide probably inhibited in the same 
manner. As in the case of the metalloprotein, alcohol dehy- 
drogenase, ethylenediaminetetraacetate did not inhibit activity 
significantly (17). 

The effect of added cations to the activity of a well-dialyzed 
preparation of the enzyme is shown in Table IV. Of the ions 
added, only zinc is stimulatory. At concentrations of 1 x 10-3 
M, this ion increased activity by one-third. The other metal 


TaBLeE III 
Effect of inhibitors on enzyme activity 


The system contained: 2.0 ml. of well-dialyzed enzyme prep- 
aration, catalase, 0.1 M phosphate buffer pH 6.8, 1 X 10-°m FMN, 
temperature 26°. 


Addition Concentration yl. of O2 per hour 
M 
1 xX 10-4 4 
1 x 1075 42 
1 xX 1076 124 
1 10-4 1 
10-5 120 
1 xX 10-6 120 
1 xX 10-4 0 
o-Phenanthroline................... 1 X 10°! 0 
1 X 10°? 17 
1 X 31 
1 xX 10-4 30 
Ethylenediaminetetraacetate........ 1 X 10°? 138 


TABLE IV 
Effect of metal ions on enzyme activity 


The system contained: 2.0 ml. of well-dialyzed enzyme prep- 
aration, catalase, 0.1 M phosphate buffer pH 7.0, 1 10-3m FMN, 
temperature 26°. 


Addition | Concentration Enzyme omy 4 ro ul. of 
M 
Zine acetate............ 1 xX 1074 320 
Zinc acetate............ 1 xX 10-4 | 300 
Zine acetate............ | 1x 107-5 | 280 
Zine acetate............ 1 xX | 280 
1 xX 10°% | 188 
MgsSQ,. 1 xX 10°% 206 
1X 10-3 | 216 
1 XxX 1073 | 196 
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TABLE V 
Specificity of galactose oxidase 
The system contained: 2.0 ml. of enzyme preparation; catalase; 
0.02 m phosphate buffer, pH 6.8; 1.0 mm sugar; temperature 26°. 


Substrate uptake 
pl/hour 
0 
Galactonolactone.................... 0 
Galacturonic acid.................... 10 
6 
40C A 
a 
z= 
20C 
z 
w 
> 
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10€ 
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TIME IN MINUTES 


Fic. 4. Effect of catalase and ethanol on oxygen uptake. Sys- 
tem A: 2.0 ml. of enzyme preparation; 0.2 ml. of catalase; 0.1 ml. of 
20 per cent (volume per volume) ethanol; 0.2 ml. of 0.5 uw phosphate 
buffer, pH 6.9; 0.2 ml. of 1.5 K 10°? m FMN; 0.5 ml. of 2.0 m galac- 
tose; temperature 26°. System B: Same, with water substituted 
for catalase and ethanol. 


ions produced no effect or were inhibitory. The zine is probably 
tightly bound and cannot be completely removed by dialysis. 
Although the data suggest that the enzyme is a metalloflavo- 
protein with FMN and zinc in the prosthetic group, the nature 
of the enzyme can be established with certainty only when a 
pure preparation is available for analysis. 

Substrate Specificity—In Table V are shown the various sugars 
and sugar derivatives that have been used as substrates for 
studies on enzyme specificity. 

Although the enzyme showed a high specificity for galactose, 
the slow oxidation of galacturonic acid and galactosamine appear 
to be genuine since the rates remain constant over long periods. 

Reaction Product—Galactonic acid was identified as the prin- 
cipal product of the reaction by paper chromatographic studies 
of the reaction mixture. In both the propanol-formic acid-water 
and butanol-ethanol-water system, a spot corresponding in 
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Ry to that of an authentic sample of galactonic acid was the 
only major component found. Since the procedure used for 
absorption and elution of the product from the Dowex 2 column 
would be expected to convert the y-galactonolactone to galac- 
tonic acid, the chromatographic studies could not establish which 
of these is the product. 

Further information was obtained by estimation of the amount 
of lactone in the reaction mixture. When 20 umoles of galactose 
were incubated with an enzyme preparation for 30 minutes, 10 
umoles of oxygen were taken up, and 10 wmoles of lactone ap- 
peared. Further studies on the stoichiometry of the reaction 
were carried out by incubating galactose with the enzyme in the 
presence of added catalase with and without added ethanol. 
The oxygen uptake data are given in Fig. 4. The oxygen uptake 
was increased in the presence of ethanol and approached twice 
the value obtained with the enzyme and catalase. This can be 
explained on the assumption of an oxidation of ethanol to acet- 
aldehyde by H.O: in the presence of catalase (18). In the pres- 
ence of horse-radish peroxidase, galactose oxidase, and galactose, 
mesidine (2,4,6-trimethylaniline) is oxidized to give a purple 
color (19). No change in color of the dye was observed in the 
absence of peroxidase. These observations give further evidence 
that HO, is a product of the reaction. 


DISCUSSION 


The medium containing galactose on which the mold P. cir- 
cinatus Fr. grows contains an enzyme which oxidizes galactose to 
y-galactonolactone with high specificity. It is not known 
whether the enzyme is secreted or is a product of lysis of the 
mycelium. 

Studies on the enzyme suggest that it is a metalloenzyme with 
FMN and zinc as prosthetic groups. The specificity appears 
high for galactose in contrast to the enzyme separated by Dowling 
and Levine (4) from M. pseudomallei. It differs from the one 
reported by De Ley and Doudoroff (3) in that DPN is not re- 
quired as a cofactor. 

In the presence of catalase and ethanol, oxygen uptake was 
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increased and approached twice the value obtained in the absence 
of catalase. The failure of the oxygen uptake to double is prob- 
ably due to some breakdown of H.O- during the long period of 
incubation. The data suggest the following mechanism for the 
reaction. 


C.H120., FMN + FMNH, (1) 
CeHi006 + H20 — (2) 
+ H2O + O2 — CeH1207 + (4) 


The enzyme can be named galactose oxidase or galactose aero- 
dehydrogenase to conform with the nomenclature adopted for 
similar enzymes which act on other sugars and related substrates. 
The present work does not establish whether the enzyme is spe- 
cific for the a or B form of galactose. 

Studies are being carried out on extracts of the mold to de- 
termine whether a pathway for galactose oxidation involving 
-galactonolactone as the preliminary product can be found. 

The enzyme appears to offer a convenient method for the assay 
of galactose in the presence of glucose by manometric techniques 
which involve oxygen uptake, or spectrophotometrically by the 
oxidation of dyes in the presence of peroxidase by the HO, 
formed. 


SUMMARY 


An enzyme which oxidizes galactose to y-galactonolactone in 
the presence of oxygen with the production of H.O: is present in 
the medium on which Polyporus circinatus Fr. has grown. 

The enzyme which has a high degree of specificity for galac- 
tose appears to be a metalloenzyme with flavin mononucleotide 
and zinc as prosthetic groups. It has been named galactose oxi- 
dase. 


Acknowledgment—The authors would like to thank Professor 
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The human red blood cell is readily available in a wide range 
of quantities and can be processed to a highly purified single 
cell suspension. It normally converts glucose almost quan- 
titatively to lactic acid, and this conversion appears to be a 
predominant fraction of the total metabolic activity (1). Be- 
cause of these characteristics the human red cell provides a 
convenient material for the study of glycolysis as it functions in 
an intact mammalian cell. 

The experimental approach of the present investigation has 
been based on the expectation that more information con- 
cerning the concentrations and turnover rates of the glycolytic 
intermediates, in normal and experimentally or naturally mod- 
ified states, would lead to a better understanding of intracellular 
metabolic controls. The objectives of the study required not 
only the collection of more accurate analytical values for the 
intermediates but also the isolation of these compounds in as 
high a state of purity as possible. This communication de- 
scribes how several of the metabolic intermediates may be 
isolated in good yield by column chromatography on ion ex- 
change resins and summarizes the values which were found for 
their normal equilibrium levels. Considerable detail concerning 
the identity and purity of the compounds is also presented since 
most have either not been reported or have not been well char- 
acterized previously as components of the red cell. Moreover, 
this information will be especially important in the interpreta- 
tion of the isotope labeling experiments to be reported later. 


EXPERIMENTAL 


Blood was collected from normal and polyeythemic human 
donors in heparin (0.2 mg. per ml. of blood), cooled, and centri- 
fuged for 20 minutes at 3000 x g. The plasma and the top 5 
per cent or so of the cells which contained concentrated leuko- 
cytes, platelets, and reticulocytes, were aspirated. The re- 
maining red cells were washed by suspension in 2 volumes of 
0.15 N sodium chloride, packed again by centrifugation, and the 
surface layer of cells, which held an additional small fraction of 
the nonerythrocytic components, was drawn off and discarded. 
The quantity of red cells in the packed cell fraction, approxi- 
mately 5 per cent of which consisted of saline wash solution, was 
calculated from a combination of the results of a determination 
of the hematocrit and of a mezsurement of either volume or 
weight. The purified red cells were now poured with efficient 
stirring into 2 volumes of 10 per cent trichloroacetic acid. The 
residue after centrifugation was extracted with the same volume 
of trichloroacetic acid (5 per cent) as used before and the sus- 
pension recentrifuged. All of the manipulations up to this 


* Supported in part by Grant No. H-1071 from the National 
Institutes of Health, United States Public Health Service. 


point in the procedure were maintained at about 5°. Tri- 
chloroacetic acid was removed from the combined and filtered 
supernatant solutions by extraction with 2 volumes of ether four 
times. The residual ether was removed by evaporation with a 
stream of nitrogen. The extract was passed next through a 
column of Dowex 50X8-H (60 to 80 wet mesh) at a flow rate of 
about 5 ml. per minute and was followed by an equal volume of 
water wash through the column. The strongly acid Dowex 50 
filtrate, which was clear and almost colorless, was immediately 
neutralized with 5 Nn NH,OH. This is the solution which was 
used for column chromatography on Dowex 1 ion exchange 
resins. 

The two trichloroacetic acid extractions described contained 
95 per cent of the phosphorus extractable by the acid from the 
red cell; a third extraction with 5 per cent acid increased the 
vield of phosphorus to 98 per cent, and so on. The amount of 
material present in the extract derived from sources other than 
the mature red cell was probably insignificant. The cell popula- 
tion of normal human blood includes roughly 1 per cent each by 
volume of platelets, leukocytes, and reticulocytes; the remainder 
consists of mature erythrocytes. The red cell isolation pro- 
cedure removed more than 90 per cent of the platelets and 
leukocytes and a variable fraction of the reticulocytes. More- 
over, the washed, packed red cells contained less than 1 per cent 
of plasma. 

A column containing approximately 0.2 ml. of packed wet 
Dowex 50 resin per ml. of red cells extracted was used for treat- 
ing the trichloroacetic acid extracts. Essentially the same final 
chromatographic pattern in terms of total phosphorus assay was 
obtained by chromatographing the acid extract directly on 
Dowex | columns as was obtained by pretreatment with Dowex 
50. Inclusion of the Dowex 50 step, however, facilitated 
purification of the phosphate compounds present in the extract 
by eliminating ferric ion, heme pigment, and acidic amino acids 
and peptides which otherwise bound to the Dowex | resin under 
the conditions used. As far as could be determined, the only 
phosphate compound of interest which was retained on the 
Dowex 50 resin was DPN. About 98 per cent of the phos- 
phorus in the acid extract was found to pass through the Dowex 
50 column. The acid-free neutralized extracts, before or after 
passage through Dowex 50, could be stored frozen at —20° for 
weeks. 

The compounds of interest in the trichloroacetic acid extract 
were anions which could be separated by column chromatog- 
raphy on Dowex | ion exchange resin. The extracts were run 
through Dowex 1-XS8 chloride (60 to SO wet mesh) at about 3 
ml. per minute, resin columns of 1 X 14 cm. being used for the 
extracts from 0 to 60 ml. of red cells and columns of 1.4 x 30 
em. for extracts from 200 to 300 ml. of red cells. Various 
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combinations of elution agents were found to separate the red 
cell metabolites which were absorbed to the Dowex 1 resin. 
The procedure recommended here was selected to fit the par- 
ticular combination of red cell components and the requirements 
of the metabolic study. It was found that a relatively rapid 
elution from the coarse resin (60 to 80 wet mesh) with a step- 
wise increase in the concentration of chloride ion gave good 
separations of groups of compounds of similar resin-binding 
capacity leaving them in a form in the eluates which was suf- 
ficiently pure for quantitative assay in most instances and for 
limited radioisotope labeling experiments. The following are 
typical elution specifications which were used for the columns of 
Dowex 1-chloride. The compounds absorbed on the small 
columns were eluted at a flow rate of 2.5 ml. per minute, collect- 
ing fractions of 20-ml. volume in the following pattern: 0.003 N 
HCl, 0.01 n HCl, 0.02 n HCl, 0.1 wn NH,Cl, 0.2 wn NH,Cl, 15 
fractions each; 0.5 n NH,Cl, 20 fractions; 1.0 Nn HCl, 10 frac- 
tions; giving a total volume of eluate of about 21. With the 
large columns the elution was carried out at 5 ml. per minute, 
collecting 40-ml. fractions in the following sequence: 0.003 Nn 
HCl, 20 fractions; 0.01 n HCl, and 0.02 n HCl, 25 fractions each; 
0.1 n NH,Cl and 0.2 n NH,Cl, 20 fractions each; 0.5 n NH,Cl, 
25 fractions; 1.0 Nn HCl, 15 fractions; giving a total volume of 
eluate of about 6 1. Both small and large column operations 
were usually interrupted after collecting 2 or 3 fractions of the 
0.1 Nn NH,Cl eluate, were held in the cold overnight, and were 
continued the next day. The HCI eluates were neutralized with 
NH,OH if they were to be kept for several days. 

For better quantitative assay of the weakest acids (0.003 to 
0.01 n HCl eluate section) and for isolation of the individual 
compounds in this and other eluate sections, the solutions were 
chromatographed again at a slower flow rate on columns of 
finer Dowex 1-formate resin. The fractions from the section of 
the chloride eluate which required further resolution were pooled, 
neutralized, diluted 3-fold, and passed through a 1 xX 14-cm. 
column of Dowex 1-X8 formate (100 to 325 wet mesh); and the 
absorbed anions were eluted at flow rates of 0.5 to 1.0 ml. per 
minute by linearly increasing the concentration of formic acid 
or of ammonium formate buffers. Details of the chroma- 
tographic techniques which were employed are described in a 
separate paper (2). 

The procedures which were used for the anthrone (3), carbazole 
(4), and orcinol (5) methods are described in an accompanying 
paper (2). The same paper outlines the methods which were 
used for chromatography on columns of activated carbon. <A 
reaction with chromotropic acid was employed for the analysis 
of glycerates (6). Phosphorus was analyzed by a modification 
of the Fiske and SubbaRow method (7). The lactic acid assay 
was carried out according to Barker and Summerson (8). The 
following were measured at their ultraviolet absorption maxima: 
AMP, ADP, and ATP at 260 mu (F = 15.0 x 10’, pH 7); 
TPN at 260 mu (F = 18.0 * 10°, pH 7); uric acid at 285 my (2 
= 12.5 < 10%, pH 3). 


RESULTS 


Dowex 1-Chloride Separation—Fig. 1 presents the results 
which were obtained by chromatography of an extract of 53 ml. 
of human red cells on a column of Dowex 1-chloride. The 
elution curve is plotted from the total phosphorus and adenine 
values. Essentially the same results were obtained from similar 
analyses on quantities of red cells varying from 10 to 300 ml. 
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Fic. 1. Dowex 1-chloride separation of phosphate compounds 


from 54 ml. of human (GW) red cells (see text). The Dowex 50- 
treated TCA extract was run through a 1 X 14-cm. column of 
Dowex 1-X8 chloride (60 to 80 wet mesh), and the absorbed com- 
pounds were eluted at 2.5 ml. per minute with the indicated elu- 
ents. The P values in the DPG peak at eluent volumes of 1548 
and 1568 ml. were 1.44 and 1.42 wymoles per ml. @——®@, total P; 
O——O, adenine (D, 260 my). 


The chromatography with chloride separated the red cell com- 
pounds into six distinct phosphorus sections. The substances 
found in each section are described below in the order of their 
elution. 

0.008 to 0.01 N HCl Section—Approximately two-thirds of the 
phosphorus in this section of the chloride eluate was IP.’ In 
order to obtain information concerning the nature of the organic 
phosphate portion, the mixture was rechromatographed on a 
Dowex 1-formate column with the use of formic acid for elution. 
The results are shown in Fig. 2. 

The first two compounds to appear in the eluate were uric 
acid and lactic acid. Urate was identified by its characteristic 
ultraviolet spectrum (Fig. 3) of which the maximum shifted 
from 285 to 292 mu upon adjustment of the solution from acid 
to alkaline pH. Lactate was analyzed by the p-hydroxydi- 
phenyl-acetaldehyde reaction (8). 

The next peak was AMP which had the expected 1:1:1 ratio 
of adenine (D, 260 my) to ribose (orcinol) to total phosphorus 
(Table I) and exhibited the typical adenylate ultraviolet spec- 
trum (Fig. 4). 

An overlapping mixture of sugar monophosphates and IP 
were eluted next. The sugar monophosphates could be esti- 
mated in this chromatograph by the combined anthrone, carba- 
zole, and orcinol assays, (2) but their separation was improved 
and characterization made easier by removing the IP with 
carbon followed by rechromatography on a column of Dowex 
1-formate. To do this the pooled formic acid fractions were 


1 On account of the very large number of data presented in this 
paper, the Editors have permitted the use of a set of highly con- 
densed abbreviations which are not ordinarily employed in the 
Journal, according to its present rules. 

The abbreviations used are: G6P, glucose 6-phosphate; F6P, 
fructose 6-phosphate; FIP, fructose 1-phosphate; R5P, ribose 
5-phosphate; XP, unknown ketose phosphate; GDP, glucose 1,6- 
diphosphate; FDP, fructose 1,6-diphosphate; HDP, hexose di- 
phosphate; MP, monophosphates; MPG, monophosphoglycerate; 
2-PG, 2-monophosphoglycerate; 3-PG, 3-monophosphoglycerate; 
DPG, 2,3-diphosphoglycerate; IP, inorganic phosphate; D, optical 
density; EF, optical density of molar solution at 10-mm. light path. 
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passed through a carbon column which retained no IP but 
adsorbed all the sugar phosphates (2). The latter were then 


eluted from the carbon with 0.01 n NH,OH (Fig. 5). The 
| | | | | | 
0) - 
> 

05+ TPN 
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Fic. 2. Dowex 1-formate separation of the weak acid phosphate 
group from red cells. The pooled, neutralized, and diluted 0.003 
to 0.01 n HCI section of a Dowex 1-chloride separation was run 
through a 1 X 14-em. column of Dowex 1-X8 formate (100 to 325 
wet mesh) which was eluted at 0.8 ml. per minute with 2 1. of linear 
gradient 0 to0.6 N formic acid. The following assay methods pro- 
vided the data for the curves: §J——, D, 285 my; ©, p-hydroxy- 
diphenyl; O——O, D, 260 mu; A——A, anthrone minus carbazole; 
A——A, carbazole; 0——O orcinol; @——@, IP. 
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Fic. 3. Ultraviolet absorption spectrum of red cell uric acid. 
The red cell urie acid peak from a Dowex 1-formie acid separation 
(Fig. 2) was used for spectral assay after removal of the formic 
acid with ether. The values were calculated to 0.04 umole per 
ml. based on the weight of the standard (Pfanstiehl) and on a 
cyanide-phosphotungstate assay (9) of the red cell uric acid. 
O——O, red cell; @——@, standard. 


TABLE [ 
Chemical assays on adenylate compounds from red cell 


Assays were performed on peak tubes from red cell Dowex 1-X8 
formate separations. The elution conditions were: AMP, 2 |. of 
0to 1M formie acid; ADP, 11. of 0 to 1M, pH 6.4 ammonium for- 
mate; ATP, 1 1. of 0 to 2 mM, pH 6.4 ammonium formate; linear 
gradient. E = 15 X 10% at pH 7 was used for calculating the 
adenine equivalent from the value of D at 260 mu. 


Compound | Total P Labile P 
pmoles/ml, pmoles/ml. pmoles/ml. 
BMP ........ 0.18 0.18 0.17 0.01 
0.73 0.69 1.34 | 0.70 
1.31 1.35 4.01 | 2.70 
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Fig. 4. Ultraviolet absorption spectra of red cell AMP, ADP, 
and ATP. AMP was obtained from the peak of a Dowex 1-formic 
acid separation (Fig. 2), and the formic acid was removed with 
ether. ADP and ATP were taken from the 0.02 n HCl and 0.5 N 
NH,Cl peaks, respectively, of a red cell Dowex 1-X8 chloride 
separation (Fig. 1). Spectra were measured on neutralized solu- 
tions and the values calculated to 0.04 umole per ml. based on total 
phosphorus assays. O——O, AMP; @——@, ADP; A——A, 
ATP. 
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Fig. 5. Carbon separation of inorganic phosphate from the red 
cell sugar monophosphates. The eluent fractions from a Dowex 
1-formate separation of the 0.003 to 0.01 Nn HCl section of a chloride 
chromatograph (Fig. 2) were pooled and run through al X 14-em. 
column of Barneby-Cheney No. 1654 carbon (80 to 150 wet mesh) 
(2). The residual IP was washed from the column with water, 
and the sugar monophosphates were eluted with 0.01 n NH,OH. 
All flow rates were at 2 ml. per minute. 


ammonia eluate was rerun as before on a column of Dowex 1- 
formate with formic acid as the eluent (Fig. 6). 

This second formic acid chromatographic separation con- 
tained no IP or nucleotides (which remained adsorbed to the 
carbon) and was better suited for analyses to identify the sugar 
phosphates. The figure shows G6P, F6P, R5P, and an unknown 
ketohexose phosphate appearing in the chromatograph, in that 
order. Although the peaks are overlapping, samples could be 
selected for analysis which represented predominantly a single 
compound, Aliquots from the G6P and F6P peaks gave the 
correct spectra in the anthrone and carbazole tests. Moreover, 
the quantitative sugar values in these two reactions and the 
total phosphorus agreed closely with the expected 1:1 ratio (Table 
Il). Furthermore, the red cell G6P reacted with glucose 6-phos- 


phate dehydrogenase but the F6P was acted on by this enzyme 
only after the addition of hexosephosphate isomerase (Table IT). 
Samples taken from the R5P peak gave the correct spectrum in 
the orcinol reaction, and the color value agreed with the total 
phosphorus content. Solutions from the next peak (XP) gave 
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Fic. 6. Dowex 1-formate rechromatography of the red cell sugar 
monophosphates after purification with carbon. The NH,OH el- 
uate of the carbon chromatograph of Fig. 5 was run through 
a 1 X 14-cm. column of Dowex 1-X8 formate (100 to 325 wet 
mesh) which was eluted at 1.0ml. per minute with 21]. of linear 
gradient 0 to 1 N formic acid. Assays: A——A, anthrone minus 
carbazole; @——®@, carbazole; 0———D, orcinol. 


TABLE II 

Chemical and enzyme assays on hezose monophosphates from red cell 

The enzyme assay system contained 40 umoles of pH 7.5 glycyl- 
glycine, 20 umoles of MgCl., 1.0 ymole of TPN, 0.1 ml. of G6P 
dehydrogenase (GPD) (0.5 mg. before purification), 0.1 ml. (1.0 
mg.) of phosphohexose isomerase (PHI), and G6P or F6P, in a 
total volume of 3.0 ml. G6P was measured by the formation of 
TPNH (4340 mg) with GPD, and F6P was measured the same 
way in the presence of GPD and PHI. The enzymes were Sigma 
preparations. Contaminating PHI was removed from the GPD 
by precipitating the latter with pH 4.4 acetate and redissolving 
in pH 7.5 glycylglycine. Red cell G6P, F6P, and the unknown 
ketose phosphate (XP) were taken from peak tubes of a Dowex 
1-X8 formate separation (Fig. 6). After ether extraction the 
solutions were concentrated by lyophilization. 


+ATPNH 
: H ructose 
Compound | Total P (anthrone) 
| | | 
os pmoles pmoles | pmoles | pmoles | pmoles 
G6P, standard 0.32 | 0.32 0.35 | 0.36 0.01 
G6P, red cell ..| 0.22 | 0.25 | 0.29 | 0.29 | 0.05 
F6P, standard... 0.45 | (0.52 | 0.48 | 0.50 
F6P, red cell. 0.02 0.08 0.12 0.09 
XP, red cel]l.........| 0.0 | 0.00 | 0.19 | 0.18 | 0.18 


spectra in the anthrone, carbazole, resorcinol (10), and di- 
phenylamme (1]) reactions which were identical to those given 
by standard fructose, and the total phosphorus value was that 
expected for a fructose monophosphate. The peak was not in 
the right position for F1P or F6P, and it has not been identified. 

With reference again to the first formic acid column (Fig. 2), 4 
slowly eluting ultraviolet-absorbing area can be seen to follow 
the IP. Aliquots of this peak gave the following analytical 
ratio: 1 adenine (D, 260 my) to 2 ribose (orcinol) to 3 total 
phosphorus to ]-substituted nicotinamide (alkali-acetone fluores- 
cence (12)) (Table IJ). These are the values to be expected 
for TPN, and the identification was confirmed by the positive 
action of the material as a substrate in the glucose 6-phosphate 
dehydrogenase reaction. In addition, its ultraviolet spectrum 
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showed only a slight deviation from that of a standard solution 
of TPN (Fig. 7). 

0.02 N HCl Section—The fractions which were collected in this 
section of the chloride eluate gave approximately a 1:2:1 ratio 
of adenine (D, 260 my) to total phosphorus to easily hydrolyzable 
phosphorus, suggesting that most of the material might be ADP. 
The pooled fractions of the 0.02 n HCl section were rechroma- 
tographed on Dowex 1-formate with the use of ammonium 
formate at pH 6.4 for elution. At least 95 per cent of the ultra- 
violet-absorbing material contained in the chloride fractions was 
recovered from the formate column as a single sharp sym- 
metrical peak which was preceded by a peak containing about 
10 per cent of the total phosphorus and having no ultraviolet 
absorption (Fig. 8). 

The major component of this formate chromatograph was 
identified as ADP on the basis of the following evidence. The 
ratio, adenine (D, 260 my) to ribose (orcinol) to total phosphorus 
to labile phosphorus was almost exactly 1:1:2:1 (Table I), and 


TaBLeE III 
Identification of TPN from red cell 


Red cell TPN was obtained from peak fractions of a Dowex 
1-X8 formate separation (Fig. 2). It was extracted with ether 
and concentrated by lyophilization. N-substituted nicotinamide 
was measured by the alkali-acetone fluorescence method (12) with 
DPN as a standard. E = 18 X 10% was used for calculating the 
D, 260 my value. D, 325 mp was measured in 1 mM KCN (13), 
E = 6.0 X 108. The enzyme assay system contained 40 umoles of 
pH 7.5 glycylglycine, 20 umoles of MgClo, 1 umole of G6P, and 0.1 
ml. of purified Sigma G6P dehydrogenase (GPD) in a total volume 
of 3.0ml. The reduced TPN formed in the enzyme reaction was 
measured by the AD, 340 mu with Pabst standard and red cell 
TPN, E, 340 mu = 6.33 XK 10°. 


Test Concentration 
pmoles/ml. 
Alkali-acetone fluorescence................ 0.31 
0.33 
IP, anthrone, carbazole................... 0.00 


220 240 260 280 300mp 

Fic. 7. Ultraviolet absorption spectrum of red cell TPN. The 
spectrum was measured on the TPN peak of a red cell Dowex 
1-formiec acid separation (Fig. 2). The formic acid was removed 
with ether and the pH adjusted to7.4. The experimental spectral 
values for the red cell and standard (Pabst) solutions of TPN were 
calculated to 0.03 wmole per ml. based on total phosphorus assays. 


O-—--O, red cell; @——@, standard. 
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the ultraviolet spectrum was the same as authentic adenylate 
(Fig. 4). After acid hydrolysis 1 equivalent each of adenine, 
R5P, and IP was recovered by means of a Dowex 1-formic 
acid separation (Fig. 9). Finally, the material phosphorylated 
glucose in the presence of hexokinase and myokinase (Table IV). 

The phosphorus peak which preceded ADP in this Dowex 
1-formate separation proved to be MPG. The organic phos- 
phorus was relatively resistant to acid hydrolysis, 50 per cent 
being cleaved to IP during 14 hours in 1 n HCl at 100°. The 
material gave the expected spectrum with chromotropic acid 
(6), and the MPG content calculated from the color test was 
equivalent to the total phosphorus. It also gave the char- 
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Fic. 8. Dowex 1-formate separation of the red cell ADP-MPG 
mixture. The neutralized and diluted 0.02 n HCl section of a 
Dowex 1-chloride separation was run through a 1 X 14-em. col- 
umn of Dowex 1-X8 formate (100 to 325 wet mesh) which was 
eluted at 1 ml. per minute with 1 1. of linear gradient 0 to 1 nN, pH 
6.4 ammonium formate. @——@, total P; O——O, adenine 
(D, 260 my). 
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Kia. 9. Acid hydrolysis products of red cell ADP. The ADP 
peak fractions of a Dowex 1-formate separation (Fig. 8) were com- 
bined, treated with an excess of barium chloride and made to 50 
per cent final ethanol. The centrifuged precipitate of barium 
ADP was suspended in a small amount of water and the barium 
removed with Dowex 50. The solution of ADP was made to 0.2 
N HCl and heated for 20 minutes at 100°. After neutralization 
and dilution the solution was run through a l X I4-em. column of 
Dowex 1-X8-formate which was eluted with 1 1. of linear gradient 
0 to 0.6 N formie acid, the 0.6 N formic acid being continued after 
11. to remove all IP.) Peak vial of adenine: 0.60 ymole per ml. 


Recovery: adenine, 7.7 pmoles; RSP, 7.4 wmoles; IP, 7.9 pmoles. 
D, 260 my (adenine), orcinol (R5P), and TP assays are plotted, 
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TaBLe [V 
Herokinase-myokinase assay on ATP and ADP from red cell 


The reaction mixture contained 100 wmoles of NaHCOQ;, 30 
umoles of MgClz, 30 wmoles of glucose, 0.1 mg. of Pabst veast 
hexokinase, 0.1 ml. of myokinase, and 0.20 wmole of red cell ADP 
or ATP in a total volume of 3.0 ml. The solution was incubated 
for 15 minutes at 30°, and the decrease in labile P (10 minutes in 1 
N H2SO,) was compared with zero time controls. The increase 
in stable P (formation of hexose monophosphate) was measured 
by adding 10 to 20 mg. of Norit A and assaying the total phos- 
phorus in the filtrate which contained no adenylate or IP. The 
above yields were closely duplicated by control samples of ADP 
and ATP (Pabst). Rabbit muscle myokinase was prepared ac- 
cording to Colowick and Kalekar (14). Red cell ADP and ATP 
were aliquots from the 0.02 Nn HCI and 0.5 n NH,ClI peaks of a 
Dowex 1-XS8 chloride separation (Fig. 1). 


Experiment — Labile P + Stable P 
pmoles mmoles 
ATP or ADP, no glucose .... _ 0.00 0.00 
ATP, no myokinase.......... 0.18 0.18 
ATP, complete..............| 0.36 0.35 
0.17 0.16 


ADP, complete..............' 
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Fic. 10. Reaction of red cell MPG with hydroxynaphthalenes. 
An aliquot of the red cell MPG peak of a Dowex 1-formate separa- 
tion (Fig. 8) was reacted with the hydroxynaphthalene reagents 
(6) and the spectral assays were calculated to 0.2 umole based 
on the total phosphorus assay. @——@ 4,5-dihydroxy-2,7- 
naphthalenedisulfonie acid; A——A, 1,3-dihydroxynaphthalene; 
O——O, 2,7-dihydroxynaphthalene. 


acteristic MPG colors with 1,3 and 2,7~lihyvdroxynaphthalenes 
(6) (Fig. 10). After removal of the formate and suitable con- 
centration, a sample of the solution produced a large negative 
optical rotation in the presence of molybdate (Table V), a 
characteristic property of 3-PG (15). On the assumption that 
all of the phosphorus in the sample were MPG, the ratio of 3-PG 
to 2-PG calculated from the rotation value would be about 9 to L. 

0.1 N NH,Cl Section—The phosphorus peak in the 0.1 N 
NH,CI section was in the chromatographic elution position 
which had been found with known FDP. For every equivalent 
of hexose in the anthrone reaction, aliquots of peak fractions 
gave, as anticipated for FDP, approximately 2 equivalents of 
total phosphorus and 1 equivalent of easily hydrolyzable phos- 
phorus (20 minutes at 100° in | nN HCl). There was, however, 
a considerable excess of total hexose calculated from the anthrone 
reaction over fructose calculated from the carbazole reaction; 
this suggested that FDP was mixed with some other hexose 
diphosphate. The 0.1 N NH,CI fractions were pooled and 
rechromatographed on Dowex I-formate (Fig. tl). The figure 
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TABLE V 
Optical rotation of MPG from red cell 

Red cell MPG was obtained from a Dowex 1-X8 formate separa- 
tion (Fig. 8), and the formate was removed with Dowex 50 and 
ether. The solution was concentrated by freeze-drying. The 
concentrations were calculated as the free acid from total phos- 
phorus assays. The rotation was measured in 8.3 per cent am- 
monium molybdate (15) with a Rudolph No. 80 polarimeter, 
100 X 3.5-mm. glass tubes. No rotation was observed without 
molybdate. Schwarz MPG, purified on a column of Dowex 1-X8 
chloride, was used as standard. 


MPG Concentration |Observed rotation [a] 
mg./ml. 
0.97 —0.64 — 660 

4 

ar 
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a GDP | 
lJ 
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AP ADP 

6 8 1.0 1.2 1.4 


LITERS THROUGH COLUMN 


Fic. 11. Dowex 1-formate separation of the red cell glucose and 
fructose diphosphates. The diluted 0.1 Nn NH,CI section of a 
Dowex 1-chloride separation was run through a 1 X 14-em. col- 
umn of Dowex 1-X8 formate (100 to 325 wet mesh) which was 
eluted at 1 ml. per minute with 2 1. of linear gradient 0 to 2 n, pH 
3.0 ammonium formate. Assays: O——O, D, 260 mu; A——A, 
carbazole; @——®@, total P; anthrone. 


TABLE VI 
Chemical assay of hexose diphosphates from red cell 
Assays were performed directly on peak fractions of a Dowex 
1-X8 formate separation (Fig. 11). Purified G6P and FDP were 
used as standards for the carbazole and anthrone reactions. 
Labile P analyses were carried out in 1 N HCI at 100°; 10 minutes 
for GDP and 30 minutes for FDP. 


Compound Total P Labile P 
pmoles/ml. pmoles/ml. pmoles/ml. pmoles/ml. 
as. 0.41 0.21 0.20 0.20 
GDP. 0.61 0.30 0.01 0.31 
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TABLE VII 


Paper chromatography of free sugars from hydrolysis of hezose 
diphosphates from red cell 

Two umoles of red cell GDP and FDP were obtained from the 
Dowex 1-formate separations; the formate was removed with 
Dowex 50 and ether, and the solutions were concentrated by 
freeze-drying. The samples were taken up in 2 ml. of H2Q, ad- 
justed to pH 9 with ammonia, and the phosphates completely 
hydrolyzed with 5 mg. of Armour intestinal phosphatase by incu- 
bation for 2 hours at room temperature. After deproteinization 
with trichloroacetic acid, ether extraction, and lyophilization, 
the paper was spotted with 0.04 ml. of solution containing 0.4 
umole of red cell sugar or standard. Chromatograph: phenol- 
H,20 (16), ascending, 9 hours, anisidine spray (17). With both red 
cell and standard samples, fructose spots were yellow and those 
of glucose, brown. 


Sugar Rr 
Glucose 
Fructose 


shows two major phosphorus peaks, the first of which proved to 
be GDP and the second, FDP. The second peak gave the 
anthrone and carbazole reactions expected for FDP with the 
calculated amount of hexose approximately equivalent to 2 total 
phosphate groups and 1 labile phosphate. The first peak 
showed the same ratios of anthrone to phosphorus as given by 
the FDP but did not react with carbazole (Table VI). Identi- 
fication of the FDP was supplemented by the recovery of fructose 
by paper chromatography after removal of the phosphate groups 
with alkaline phosphatase. The first peak gave a glucose spot 
on paper under the same circumstances (Table VII), and so 
appeared to be GDP. Additional verification of the nature of 
these two compounds was obtained by acid hydrolysis of aliquots 
of the two peaks followed by chromatography of the products 
with the Dowex 1-formic system. The expected yields of G6P 
and IP from the GDP (Fig. 12) and F6P and IP from the FDP 
(Fig. 13) were obtained. Final proof was given by the finding 
that the red cell GDP served as an activator for the conversion 
of GIP to G6P in the phosphoglucomutase reaction (Fig. 14) 
(18) and that the FDP was cleaved by aldolase to triose phos- 
phate (Table VIII). 

The formate chromatograph of the 0.1 N NH,Cl section, as 
shown in Fig. 11, sometimes contained a small amount of ADP 
which had not been completely removed in the 0.02 n HCl 
section of the chloride chromatograph. A small peak which 
followed the FDP was tentatively identified as phosphoryl- 
enolpyruvate on the basis of its position and its absorption in 
the low ultraviolet range. A small amount of extra phosphorus 


was eluted with the GDP and has not been identified. 

0.2 N NH,Cl Section—The very large phosphorus peak which 
appeared in the 0.2 n NH,Cl section showed little or no ultra- 
violet absorption, did not react in the anthrone, carbazole, and 
orcinol tests, and was very resistant to acid hydrolysis, all of 
which pointed to DPG since this compound has been found to 
Upon 


be a major phosphorus component of red cells (21). 
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Dowex 1-formate rechromatography, with the use of formate 
buffers for elution at either pH 3.0 or 6.4, more than 95 per cent 
of the phosphorus was eluted as a single sharp symmetrical peak 
indicating that the chloride section had consisted predominantly 
of a single compound. In order to isolate the compound the 
chloride fractions were pooled, adjusted to pH 8.0 with NaOH, 
and an excess of barium chloride was added. The resulting 
suspension was made to a final concentration of 50 per cent 
ethanol and centrifuged. The precipitate was washed with 50 
per cent ethanol and with acetone and finally stored over Drierite 
in a vacuum. The phosphorus in the chloride fractions was 
quantitatively recovered in this material which gave the correct 
assay for the pentabarium trihydrate of DPG as described by 
Greenwald (22) and Baer (23). Calculated: 9.83 per cent 
phosphorus, 5.70 per cent carbon. Found: 9.80 per cent phos- 
phorus, 5.78 per cent carbon. The barium salt was suspended 
in water and converted to the free acid with Dowex 50 for 
further tests. The phosphorus was found to be relatively re- 
sistant to acid hydrolysis. Aliquots of the solution were hy- 
drolyzed in sealed tubes with 1 nN HCl at 100°. 25 per cent of 
the total phosphorus was cleaved to IP in 5 hours, and 50 per 
cent was hydrolyzed in 15 hours. Final characterization of the 
compound was made by showing its activating effect on the 
conversion of 2-PG to 3-PG in the phosphoglyceric mutase 
reaction (Fig. 15). Half-maximal activation took place at about 
2 x 10-* m DPG, a considerably smaller concentration than 
hitherto reported (24, 25). 

0.5 N NH,Cl1 Section—The peak fractions of the 0.56 n NH,Cl 
section were pooled and rechromatographed on Dowex 1-formate 
columns with the use of pH 3.0 and pH 6.4 ammonium formate 
buffers as eluents. 90 to 95 per cent of the phosphorus which 
was in the chloride fractions was recovered in the formate eluates 
as a single sharp symmetrical peak having the correct adenine, 
ribose, and phosphorus analytical values for ATP. Several 
small additional ultraviolet-absorbing peaks which appeared in 
these formate eluates have not been identified. Analytical 
values are given in Table I for samples taken from the phos- 
phorus peak in the 0.56 Nn NH,Cl section. The ratio, adenine 
(D, 260 mp) to ribose (orcinol) to total phosphorus to labile 
phosphorus, was close to 1:1:3:2, as expected for ATP. The 
same solution gave an ultraviolet absorption spectrum char- 
acteristic of authentic adenylate (Fig. 4). Additional evidence 
that most of this material was ATP was given by hydrolyzing an 
aliquot in HCl followed by rechromatography of the products 
in the Dowex 1-formic acid system. The expected 1:1:2 yields 
of adenine, R5P, and IP were obtained (Fig. 16). Final proof 
that the substance was ATP was provided by its activity as a 
phosphorus donor to glucose in the hexokinase reaction (Table 
IV). 

1.0 N HCl Section—The material which was eluted in the 1.0 
nN HCl section had approximately the same analytical values as 
ATP and probably represented for the most part the residual 
ATP which had not been completely removed by the 0.5 n 
NH,Cl. It will be noted that, in contrast to the formate separa- 
tions (2), ADP and ATP eluted from the Dowex 1-chloride 
columns in an asymmetrical curve with a steep rise and a more 
gradual fall. When the elution with 0.5 Nn NH,Cl was continued 
past the usual volume with the introduction of increasing con- 
centrations of HCl, a small additional peak appeared which was 
nucleotide in character. This material, which had a stronger 
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LITERS THROUGH COLUMN 
Fig. 12. Acid hydrolysis products of red cell GDP. An aliquot 
of the red cell GDP peak of a Dowex 1-formate separation (Fig. 
11) was treated with Dowex 50 and ether to remove the ammonium 
formate. The GDP was concentrated by absorption on al X 4- 
cm. column of Dowex 1-X8 chloride (60 to 80 wet mesh) and elu- 
tion with a small volume of 0.2 n HCl. An aliquot of the HCl 
eluate was heated for 10 minutes at 100°. After neutralization 
and dilution the solution was run through a 1 X 14-cm. column of 
Dowex 1-X8-formate (100 to 325 wet mesh) which was eluted with 
2 1. of linear gradient 0 to 1 N formic acid. 14.3 ymoles of GDP 
were hydrolyzed and 14.3 uwmoles of G6P (first peak) and 14.4 
umoles of IP (second peak) were recovered. Assays plotted: 
@——@, total phosphorus; O——O, anthrone; A——A, ear- 
bazole. 
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LITERS THROUGH COLUMN 

Fic. 13. Acid hydrolysis products of red cell FDP. FDP was 
obtained from the same red cell Dowex 1-formate separation which 
was used for the GDP (Fig. 11). The solution containing the 
FDP was concentrated and hydrolyzed and the products recovered 
in the same manner as the GDP except that the hydrolysis was 
carried out for 40 minutes at 100°. 9.2 wmoles of FDP were hy- 
drolyzed and 6.3 umoles of F6P (first peak) and 8.5 uymoles of IP 
(second peak) were recovered. Some of the phosphate at the 6 
position had been cleaved before the phosphate at the 1 position 
had been completely hydrolyzed. Assays plotted: @——@, total 
phosphorus; anthrone; A A, ecarbazole. 


binding affinity to the resin than has ATP, has not been identi- 
fied. 

Identification by Elution Position—In addition to the evidence 
presented above as to the identity and purity of the various 
compounds extracted from the red cell, another essential re- 
quirement was that each compound be eluted during the column 
chromatography in exactly the same relative position as had 


| 

| 


if if 
BOL 

S 
60r 
aa 
& 40+ 

NO 

GoP 


Z 
“ST 
- LOG MOLARITY GDP 

Fig. 14. Activation of phosphoglucomutase by red cell GDP. 
The reaction mixture contained 1 wmole of MgSO,, 5 uwmoles of 
cysteine-HCl, 0.86 umole of GIP, the indicated dilutions of red 
cell GDP, and 0.1 ml. of enzyme in a total volume of 0.6 ml.; pH 
7.5. After incubation for 10 minutes at 35°, 0.4 ml. of 10 Nn HaSO, 
and 3.0 ml. of water were added, and the mixture was heated for 
5 minutes at 100° and assayed for IP. The enzymatic conversion 
of GIP to G6P, activated by GDP, was measured by the decrease 
in hydrolyzable phosphorus. The phosphoglucomutase was pre- 
pared by extracting rabbit muscle with 2 parts of water and dia- 
lyzing the extract in the cold for 48 hours. The enzyme solution 
was passed through a column of Dowex 1-chloride and diluted 
1:100 with cold water just before use. Schwarz GIP was purified 
on a column of Dowex 1-X8 chloride. Red cell GDP was obtained 
from the peak fraction of a Dowex 1-formate separation (Fig. 11), 
the formate being removed with Dowex 50 and ether. The GDP 
solution was assayed as 0.20 umole per ml. by the anthrone reaction 
and 0.40 wmole per ml. by total phosphorus and contained only a 
trace of carbazole reacting material. 


Tasie VIII 
Aldolase assay of FDP from red cell 


FDP, 0.1 ml., and aldolase, 0.1 ml., diluted 1:10 in 0.1 Mm KCN 
(pH 9), were incubated for 10 minutes at 30°. The sample was 
diluted to 2.0 ml. for carbazole assay or 1.0 ml. of 1 N NaOH was 
added and the solution was kept for 15 minutes at room tempera- 
ture. It was then neutralized and assayed for IP (alkali-labile P) 
(19). Red cell FDP was obtained from a Dowex 1-X8 formate 
separation with the use of 1 |. of linear gradient, 0.3 to 0.6 Mm, pH 
3.5 ammonium formate. The formate was removed with Dowex 
5O and ether, and the solution was concentrated with a stream of 


dry Nz. The assay procedure and the aldolase preparation were 
according to Taylor et al. (20). 
Experiment 

pmoles pmoles 

0.20 0.00 

0.28 . 0.00 

FDP, enzyme, standard. _.. 0.01 0.38 

FDP, enzyme, red cell. ........... 0.01 0.54 


been found with similar chromatographic analyses of known 
compounds. Each of the red cell compounds identified above 
appeared in the correct position on both chloride and formate 
columns of the Dowex | resin. The accompanying paper (2) 
provides detailed information on the elution position of authentic 
compounds (a standard sample of GDP was not available). 
The relative sequence of elution was found to be a characteristic 
constant for all of the anions under consideration and therefore 
an invaluable aid in their identification. Moreover the standard 
patterns permitted accurate prediction of the location of any 
compound that might be suspected to be present so that special- 
ized analytical techniques could be applied directly to a localized 
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Fig. 15. Activation of phosphoglyceric mutase by red cell 
DPG. The reaction mixture contained 10 umoles of pH 6.0 sodium 
acetate, 0.31 umole of 2-PG, the indicated dilutions of red cell 
DPG, and 0.1 ml. of enzyme (9 yg. of solids) in a total volume of 
0.4 ml. After incubation for 15 minutes at 32-34°, 0.1 ml. of 5n 
acetic acid and 0.1 ml. of 0.28 mM ammonium molybdate were added, 
and the mixture was heated at 100° for 1 hour and assayed for IP 
by the heating method (7). The enzymatic conversion of 2-PG 
to 3-PG, activated by DPG, was measured by the decrease in 
hydrolyzable phosphorus. Under the experimental conditions 
2-PG was hydrolyzed without cleaving 3-PG. The phosphogly- 
ceric mutase was a 2:1 water-rabbit muscle extract which was dia- 
lyzed in the cold for 48 hours, run through a column of Dowex 
1-X8 chloride, and diluted 1:100 with cold water just before use. 
2-PG (Biochemica Boehringer) was purified on a column of Dowex 
1-X8 chloride. Red cell DPG was purified through the barium 
salt from the 0.2 Nn NH,Cl section of a Dowex 1-X8 chloride sep- 
aration (Fig. 1) and the barium removed with Dowex 50. 
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LITERS THROUGH COLUMN 
Fic. 16. Acid hydrolysis products of red cell ATP. ATP was 
obtained from the 0.5 Nn NH,CI section of a red cell Dowex 1-chlo- 
ride separation (Fig. 1). An aliquot of the peak tube was treated 
with Dowex 50 to remove ammonium ion and the resulting solution 
was heated for 15 minutes at 100°. After neutralization and dilu- 
tion the solution was run through a 1 X 14-cm. column of Dowex 
1-X8 formate (100 to 325 wet mesh) which was eluted with 1 |. of 
linear gradient 0 to 1 N formic acid. Peak vial of adenine: 0.51 
umole per ml. Recovery: adenine, 6.5 wymole; R5P, 6.7 wmoles; 
IP, 13.2 ymoles. D, 260 my (adenine), orcinol (R5P), and IP 
assays are plotted. 


area of the chromatograph in order to detect the smallest traces 
of material. 

Compounds Not Found—Only a trace of the blue color which 
is produced by the triose phosphates in the carbazole reaction 
(2) was found in the predicted position of the Dowex 1-formate 
chromatograph of the 0.003 to 0.01 Nn HCl section and was not 
positively identified. In the same chromatograph pyruvate 
would be expected to be eluted just in advance of the IP. This 
area was tested with lactic dehydrogenase with negative results. 
In control columns, GIP eluted with overlapping but with the 
center of its peak slightly before that of G6P. A small amount 
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of GIP could have been concealed in the G6P peak of the red 
cell chromatograph but labile phosphorus assays failed to furnish 
any positive evidence. There was no appreciable unidentified 
phosphorus in the position expected for the glycerol phosphates, 
between the G6P and the IP. 

No 1,3-diphosphoglycerate was found, but it is not certain 
that this compound would have survived the experimental 
manipulations. Glycolic acid has been reported to be present 
in the human red cell (26) but none was found in this study. 

There was no evidence for the presence of pentose shunt 
intermediates. The various column eluates were analysed for 
sedoheptulose and ribulose phosphates with negative results. 
The RSP, which has been described, appeared in variable 
amounts which became very small when the red cell extraction 
procedure was carried out rapidly and in the cold. It was con- 
cluded, therefore, that the R5P, when present, probably -re- 
sulted from a slight decomposition of the adenylates produced 
by the strong acid condition prevailing during the trichloroacetic 
acid extraction. 

Traces of nucleotides indicated by a positive orcinol reaction, 
ultraviolet absorption, and the presence of phosphorus, were 
found in the eluates of some of the formate separations. It was 
estimated that their sum was less than 10 per cent of the total 
adenylates, and therefore it could be concluded that any cy- 
tidylic, uridylic, and guanylic nucleotides would have had to be 
present in very small proportions, if it is assumed that they had 
been extracted from the red cell with the trichloroacetic acid. 
As to pyridine nucleotide, the presence of TPN has been 
noted; DPN was not absorbed to the Dowex 1-chloride resin 
under the experimental conditions; the reduced forms of these, 
being acid-labile, would have been destroyed at the low pH 
values prevailing during extraction. 

Normal Concentrations of Red Cell Phosphate Compounds— 
Table IX summarizes the values of the phosphate esters which 
were obtained by ion exchange chromatographic analyses of 


TABLE IX 
Phosphate compounds of human red cell 
Compound* | P red 
| 
Inorganic 0. 28+). 48 
Weak acid 0.20-0.33 
Adenosine diphosphate.................... | 0.38-0.49 
| 0.05-0.08 
Glucose 1,6-diphosphate..... 0.38-0.47 
Fructose 1,6-diphosphate................. 0.12). 24 
2,3-diphosphoglycerate... 7.2-10.2 
Adenosine triphosphate... .............. 2.7-3.7 


umoles P per ml. red 


Weak acid phosphatest bl adie 
Adenosine monophosphate................. 0.01-0.02 
Glucose 0.08—0. 10 
Fructose 6-phosphate..................... 0.01-0.02 
Ribose Trace-0.03 
Unknown ketose phosphate................ 0.03-0.04 
Triphosphopyridine nucleotide... . 0.04-0.05 


* Range of values obtained on blood samples from 14 human 


donors. 
+t Range of values from four human blood donors. 
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human red cells. The upper portion of the table lists those 
values which could be obtained directly from a Dowex 1-chloride 
chromatograph. In several cases the ADP-MPG and GDP- 
FDP mixtures were checked by rechromatography on formate 
columns. The results were taken from analyses on blood 
samples from 14 human donors including 5 normal male and 3 
normal female subjects, ages 20 to 42; and 4 male and 2 female 
donors with polycythemia vera, ages 52 to 68. The concentra- 
tions of the compounds, other than IP, in the 0.003 to 0.01 N 
HCl section of the chloride eluate, which have been termed 
weakly acidic phosphate esters, could not be quantitatively 
evaluated before rechromatography on Dowex 1-formate col- 
umns. The lower portion of Table IX lists the values which 
were obtained for this group of weakly acidic phosphate esters 
by Dowex 1-formate rechromatography with the formic acid 
elution system. The assays were run on two normal and two 
polycythemic male subjects. No obvious differences could be 
seen in any of the results which could be related to age or sex or 
the condition of polycythemia compared to normal. 


DISCUSSION 


When normal human blood is withdrawn from the body, the 
red cells are found to be converting glucose almost quantitatively 
to lactic acid at a constant rate of approximately 2 wmoles per 
ml. of cells per hour (27). Cooling to 5° greatly diminishes the 
rate of glycolysis, and it has been assumed in this study that no 
enzymatic alteration of the glycolytic intermediates occurred 
during the isolation before the stabilization by trichloroacetic 
acid. The concentrations of metabolites listed in the table are 
presented, therefore, as the steady state levels of normal human 
red cell metabolism at 38°. These levels should reflect the 
active enzymatic organization, and, as will be shown in sub- 
sequent reports, alterations of the metabolic apparatus lead to 
specifically altered patterns of intermediates. 

No attempt can be made to analyze the interesting subject 
of comparative phosphate equilibrium patterns in different 
tissue. It appears probable that the mixture of phosphates 
described will prove to be a characteristic chemical profile of 
the human red cell and no other tissue. The most striking 
feature is the relatively high concentration of the two glycolytic 
intermediates which act as intramolecular phosphate transfer 
catalysts, namely glucose 1 ,6-diphosphate, and 2,3-diphospho- 
glycerate, which, from available information, are not present in 
more than traces in other cells. The red cell is also characterized 
by its preponderance of adenine nucleotides, relatively small 
concentration of the hexose monophosphates and monophos- 
phoglycerate, and the absence of the triosephosphates. 

Numerous references in the literature to red cell acid-soluble 
phosphates cannot be discussed in detail; most give insufficient 
information to allow for positive conclusions as to the nature of 
the compounds described. The earlier literature has been 
reviewed by Guest and Rapoport (28). The excellent study of 
Greenwald (22) first described the isolation and characteriza- 
tion of 2,3-diphosphoglycerate, and the red cell has proved a 
convenient source of this compound. The work of Fiske (29) 
and of Lohmann and Schuster (30) provided evidence for the 
presence of ATP which has been reinforced by more recent 
studies (31, 32). None of the other phosphate compounds 
described here has been adequately characterized previously as 
components of the red cell. A preliminary attempt at ion 
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exchange recovery of the red cell phosphates has been reported 
from this laboratory (33). 

There have been other recent references to phosphate com- 
pounds of the normal human red cell, but in the light of present 
knowledge of the complex nature of the acid-soluble phosphates 
in living tissue, it is apparent that hydrolysis rates (34) or salt 
fractionations (35) without additional analytical corroboration 
are of limited value for identification. Moreover, position on a 
chromatogram, whether paper (36) or ion exchange resin (37), 
can serve only as a preliminary step to the identification of such 
compounds. 
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SUMMARY 


Procedures have been described for the isolation and analysis 
of the normal steady state levels of human red cell glycolytic 
intermediates with the use of ion exchange column chroma- 
tography. The following compounds were identified: uric acid, 
lactic acid, glucose 6-phosphate, fructose 6-phosphate, glucose 
1 ,6-diphosphate, fructose 1,6-diphosphate, adenosine mono- 
phosphate, adenosine diphosphate, adenosine triphosphate, 
triphosphopyridine nucleotide, monophosphoglyceric acid, and 
2 ,3-diphosphoglyceric acid. 
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Methods for the Isolation of Glycolytic Intermediates by 
Column Chromatography with Ion Exchange Resins* 
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In the course of the study of glycolysis in the human red blood 
cell which is reported in a companion paper (1) new information 
was collected on the application of column chromatography with 
anion exchange resins to the isolation of glycolytic intermediates 
and related compounds. The findings are the subject of this 
communication. Included in this report are modifications of 
some analytical methods for the determination of carbohydrate 
derivatives which proved helpful in the identification of the 
compounds found in column eluates. Columns of activated 
carbon were used to separate inorganic phosphate from the 
carbohydrate monophosphates in red cell extracts (1) and a 
brief discussion is presented on problems connected with carbon 
chromatography. 


EXPERIMENTAL AND RESULTS 


General Analytical Methods 


Hexose was analyzed by the anthrone method (2) according 
to the following procedure. 4.0 ml. of 0.2 per cent anthrone in 
95 per cent sulfuric acid were added to 2.0 ml. of the sample 
(with efficient cooling in an ice bath). The mixture was 
heated for 10 minutes at 100° and cooled, and the optical density 
was measured at 630 mu. Glucose and fructose gave almost 
identical visible spectra. The optical density at 630 my for 
0.2 umole of either hexose was 0.275 (1-cm. light path) and the 
color was stable. The reaction was much faster with fructose 
than with glucose: after the mixture was heated for 10 minutes 
at 60° the optical density (1l-cm. light path) for 0.2 umole of 
fructose was 0.438 at which time only a trace of color was pro- 
duced by glucose. To assay both sugars in a mixture the 
fructose reading was made after incubation for 10 minutes at 
60°; the solution was then heated at 100° for 10 minutes and 
the combined sugar value recorded. F6P! and FDP gave 1.25 
times the value of the free sugar when assayed at 100°. The 
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1 On account of the very large number of data presented in this 
paper, the Editors have permitted the use of a set of highly con- 
densed abbreviations which are not ordinarily employed in the 
Journal, according to its present rules. 

The abbreviations used are: GIP, glucose 1-phosphate; G6P, 
glucose 6-phosphate; FIP, fructose 1-phosphate; F6P, fructose 
6-phosphate; R5P, ribose 5-phosphate; G3P, glyceraldehyde 3- 
phosphate; DAP, dihydroxyacetone phosphate; GDP, glucose 
diphosphate; FDP, fructose diphosphate; MPG, monophospho- 
glycerate; 2-PG, 2-monophosphoglycerate; 3-PG, 3-monophos- 
phoglycerate; a-GLP, a-glycerol phosphate; 6B-GLP, 6-glycerol 
phosphate; PEP, phosphoenolpyruvate; IP, inorganic phosphate; 
IPP, inorganic pyrophosphate. 


glucose phosphates gave the same reaction as did the free glucose. 
Chloride ion enhanced the color up to about 1.3 times at a final 
concentration of 0.1 M, in the reaction mixture, and appropriate 
corrections were made for this influence. Formate did not 
interfere, but its decomposition during the reaction super- 
saturated the solution with gas which evolved during the transfer 
to the colorimeter tubes. Vigorous shaking of the solution 
before colorimetry served to remove the excess gas. 

Fructose was analyzed by the very reliable and sensitive 
cysteine-carbazole method (3) as follows. To 2.0 ml. of the 
sample were added 0.2 ml. of freshly prepared 1.5 per cent 
cysteine-HCl, 4.0 ml. of 95 per cent H.SO, (with cooling in an 
ice bath), and 0.2 ml. of 0.1 per cent carbazole (Eastman Or- 
ganic Chemicals) in absolute ethanol; and the mixture was 
heated for 15 minutes at 60°. The optical density (1-cm. light 
path) at 560 my for 0.1 umole of fructose was 0.597, and the 
color was stable. F6P and FDP gave the same color value as 
did the free sugar. There was negligible interference by glucose 
at equivalent concentrations. Ketopentose, tetrose, and triose 
gave differing colors with the reagents, a factor to be considered 
when analyzing crude mixtures. The same reaction mixture 
proved convenient for the assay of the triose phosphates (3) 
during column chromatography giving a blue color with a 
maximum at 660 my in contrast to the violet from fructose. 
The optical density (1-cm. light path) at 660 my for 0.3 umole 
of triose was 0.135. Glyceraldehyde, dihydroxyacetone or their 
phosphates all gave close to the same light absorption in the 
carbazole test, but the color was not proportional to the con- 
centration of triose and a close comparison with standards was 
necessary for quantitative assay. An increase in the sensitivity 
of this reaction with the trioses was obtained by heating the 
reaction mixture for 5 minutes at 100°. The color appeared 
the same to the eye as that produced at 60°, but there was a 
spectral shift giving a flat maximum between 560 and 700 mu. 
The optical density (1-cm. light path) for 0.3 umole of triose at 
100° was 0.260. 

Although quantitative ion exchange chromatography of the 
sedoheptulose phosphates is not reported here, preliminary 
chromatographic surveys were made with crude standards by 
testing with the cysteine-sulfuric acid method (4) which was also 
used in a search for heptulose in chromatographic eluates from 
red cell extracts. The procedure was as follows. To 2.0 ml. of 
the sample were added 4.0 ml. of 95 per cent sulfuric acid (with 
cooling in an ice bath) followed by 0.1 ml. of freshly prepared 3 
per cent cysteine-HCl, and the mixture was heated for 5 minutes 
at 100°. The optical density (1-cm. light path) at 510 my for 
0.2 umole of sedoheptulose was 0.375. The spectrum was some- 
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what modified with a new shoulder in the 450 to 480 mu range. 
The shorter time of reaction made the method preferable for our 
purposes. Other glycolytic intermediates did not interfere. 

Column chromatographic separation of the a- and 6-glycerol 
phosphates was followed by taking advantage of the fact that 
only the @ derivative is oxidized by periodate. One of the 
periodate-formaldehyde-chromotropic acid procedures (5) was 
modified to increase the sensitivity as follows. To 2.0 ml. of an 
approximately neutral sample were added 0.2 ml. of 1 mM sodium 
acetate and 0.1 ml. of 0.1 mM sodium metaperiodate, and the 
mixture was left at room temperature for 10 minutes. Next 
were added 0.1 ml. of 10 per cent sodium bisulfite, 0.1 ml. of 2 
per cent aqueous chromotropic acid (Eastman Organic Chemi- 
cals), and 3.3 ml. of 95 per cent sulfuric acid (with cooling in an 
ice bath). The mixture was heated for 30 minutes at 100° and 
cooled, and 0.2 ml. of 15 per cent thiourea added. The optical 
density (l-cm. light path) at 570 my for 0.1 umole of a-GLP 
was 0.271. 

Formate was assayed (a) by titration of the free acid or am- 
monium formate after removal of ammonium ion with Dowex 
50, (6) by determination of the ammonium ion by nessleriza- 
tion, and (c) by measurement of the formate ion by reduction 
to formaldehyde with magnesium and HCl followed by the 
chromotropic acid reaction (6). Ammonium formate required 
considerable heat for sublimation in a reasonable period of time 
(hours), even at high vacuum, a condition which led to a variable 
but significant decomposition of many of the phosphate esters. 
It was usually found best, therefore, to remove the ammonium 
ion batchwise with Dowex 50 and to extract the formic acid 
with ether. Four extractions with 2 volumes of ether each time 
removed 95 per cent of the formic acid. Formate gave a strong 
absorption in the deep ultraviolet and therefore was removed 
before spectra were measured. 

Lactic acid was analyzed by the p-hydroxydiphenyl-acetal- 
dehyde method (7), and a correction was made for a small inhibi- 
tion by formic acid. Formic acid strongly interfered with the 
2,4-dinitrophenylhydrazine method (8) for pyruvic acid, and 
since the two acids were not easily separated by extraction, 
assays on column eluates were made with lactic dehydrogenase 
(9). Pentose was analyzed by the orcinol reaction (10). Glyc- 
erates were analyzed by a reaction with chromotropic acid (11), 
and phosphorus was assayed by a modification of the Fiske and 
SubbaRow method (12). Several compounds were measured by 
their ultraviolet absorption. The average extinction coef- 
ficients found in this laboratory and used for purposes of cal- 
culation were: PEP, 5.0 « 10° at 220 my (pH 3); uric acid, 
12.5 & 10° at 285 my (pH 3); AMP, ADP, and ATP, 14.0 x 
10? (pH 3) and 15.0 x 10° (pH 7) at 260 mu; TPN and DPN, 
18.0 X 10° at 260 mu (pH 7); TPNH and DPNH, 6.3 x 10 
at 340 mu (pH 7). The triose phosphates were measured by 
the following methods: the carbazole procedure described above; 
release of IP after incubation for 15 minutes at room temperature 
in 1 n NaOH (13); glyceraldehyde phosphate dehydrogenase 
for G3P (14); and glycerol phosphate dehydrogenase for DAP 
(14). 


Materials 


Compounds were obtained from the following sources: GIP, 
G6P, F6P, RSP, MPG, FDP, and AMP, Schwarz Laboratories; 
ADP, ATP, DPN, TPN, Pabst Laboratories; PEP, California 
Foundation for Biochemical Research; glyceraldehyde, Concord 
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Laboratories; DAP, Nutritional Biochemicals; and B-GLP, East- 
man Organic Chemicals. 

The following gifts are gratefully acknowledged: 2-PG, 3-PG, 
G3P, DAP, and erythrose 4-phosphate, Dr. C. Ballou; ribulose 
5-phosphate and erythrulose, Dr. B. Horecker; sedoheptulose, 
Dr. N. Richtmeyer. 

F1P was prepared by the phosphorylation of fructose with 
ATP, a partially purified beef liver fructokinase (15) being used; 
the product was isolated on Dowex 1-formate. Mixed triose 
phosphates were prepared by the cleavage of FDP with muscle 
aldolase; the products were collected as the hydrazones and 
recovered after decomposition with benzaldehyde (16). Eryth- 
ulose and ribulose were made from erythritol and ribitol (Pfan- 
stiehl) with Acetobacter suborydans (American Type Culture 
Collection) (17). a-GLP was prepared by heating 8-GLP in1 n 
HC! at 100° for 15 minutes (18); the product was isolated on 
Dowex 1-formate. The preparation of glyceric acid has been 
described elsewhere (11). Pyruvic acid was purified and stored 
as the lithium salt (19). 

The following enzyme preparations were obtained from com- 
mercial suppliers: crystalline glyceraldehyde phosphate dehy- 
drogenase and crystalline glycerol phosphate dehydrogenase, 
Biochemica Boehringer; crystalline aldolase and lactic dehy- 
drogenase, Sigma Chemical Company. 

Dowex 50 was used on occasion to remove cations. The 
commercial Dowex 50-X8 (100 to 200 mesh) was wet screened to 
60 to 100 mesh, stored in the hydrogen form, and washed thor- 
oughly with water just before use. 


Ion Exchange Chromatography 


Methods—Dowex 1-X8 chloride resins (Dow Chemical Com- 
pany) were cleaned by wet screening on standard sieves. 60 to 
80 wet mesh resin was retained from the 100 to 200 mesh com- 
mercial grade and 100 to 325 wet mesh resin from the 200 to 
400 grade. Resin columns were formed in 1 x 30-cm. chroma- 
tographic tubes (Corning Glass Works) which were sealed to 
Teflon needle valves (Emil Greiner Company). A resin bed of 
1 X 14-cm. (approximately 15-mmole total anion capacity) was 
used to chromatograph up to 1 m. eq. of anion. The resin 
column was first treated with several volumes of 1 N HCl or 5 
N ammonium formate, depending on the displacing anion which 
followed, and was then washed thoroughly with water. 

Solutions of phosphate esters or other anions to be chroma- 
tographed were diluted before being run through the column so 
that the total ionic strength was below that required to elute 
the weakest acid. Chloride solutions were neutralized, since 
neutral chloride was a weaker eluent than equivalent HCl. It 
was usually preferable not to neutralize formic acid solutions, 
since neutral formate showed a much stronger elution capacity 
and therefore required greater dilution. Phosphates eluted 
with ammonium formate could be rechromatographed directly 
without dilution by removing the ammonium ion with Dowex 50. 

Eluates from the columns were apportioned into Lucite vials 
(Armstrong Cork Company) by use of an automatic fraction 
collector (Microchemical Specialties) with a Lucite turntable. 
These light weight economical vials with polyethylene caps were 
inert to the solutions used and proved ideal for the collection 
and storage of eluate solutions. Because standard laboratory 
tubings contributed significant contamination, all connections 
were made either with polyethylene tubing or with silicone 
rubber tubing (R-Way, Little Falls, New Jersey). 
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Gradient elutions were carried out by connecting cylindrical 
vessels of equal diameter with a siphon U-tube, the vessel with 
the lower concentration being provided with a magnetic stirrer 
and a siphon outlet to the column. This arrangement gave a 
uniform rate of increase of eluent concentration (linear gradient) 
(20). All chromatographic separations were performed at room 
temperature. 

Results—The choice of compounds for separation by ion 
exchange chromatography and the conditions used were to a 
large extent dictated by the problems encountered in analyzing 
the extracts of red blood cells. With these extracts it was found 
advantageous to perform an initial rapid separation on coarse 
resin with chloride as the displacing anion, a procedure which 
separated the compounds into groups having relatively large 
differences in resin-binding capacity. Those compounds which 
eluted together could then be further fractionated on finer 
resins and at slower flow rates with the use of formate buffers 
for elution. 

The following test mixture was used for rapid chloride chroma- 
tography: AMP, G6P, F6P, R5P, IP, ADP, MPG, PEP, FDP, 
DPG, and ATP. 10 wmoles of each compound were mixed, 
diluted to 100 ml., and neutralized, and the solution was run 
through a 1 X 14-cm. column of Dowex 1-X8 chloride (60 to 80 
wet mesh). The compounds absorbed by the resin were eluted 
at a flow rate of 2 to 3 ml. per minute in approximately 20-ml. 
fractions by stepwise increases in the concentration of HCl] as 
shown in Fig. 1. Fig. 2 gives the pattern which was obtained 
by changing the elution sequence to a stepwise increase in the 
concentration of NH,Cl following the 0.02 n HCl. This system 
served to separate DPG and ATP and had the advantage of the 
phosphate esters being more stable in the neutral solution. The 
HCl eluent fractions were neutralized if they were to be held 
for any extended period of time. ADP in particular showed ap- 
preciable decomposition to AMP when kept in the cold in the 
acid solution for several days. All of the compounds, however, 
remained stable in the NH,Cl eluent solutions for weeks at 5°. 
Quantitative recoveries of all of the compounds used in both 
systems of elution were obtained. The mixed HCI-NH,C1 elu- 
tion sequence was used for the initial isolation of phosphate 
intermediates from the red cell. 

A broader range and better control of pH with formate buffers 
as compared to chloride solutions made possible improved 
resolution of substances having small differences in resin-binding 
capacity. The 1 xX 14-cm. columns of Dowex 1-X8 formate 
(100 to 325 wet mesh) were operated at flow rates from 0.5 to 
1.0 ml. per minute with fraction cuts every 15 minutes and were 
eluted with linearly increasing concentrations of either formic 
acid or ammonium formate buffers. 

Formic acid proved to be the most satisfactory eluent for 
the weakly acidic compounds. Figs. 3 to 8 show the chroma- 
tographic patterns which were obtained with a few selected 
examples. AMP, G6P, and IP served as convenient markers 
for comparing the relative positions of other compounds in the 
eluate (Fig. 3). The uric, lactic, and glyceric acids were lightly 
bound to the resin and could be just separated by using a slow 
flow rate (Fig. 5). Pyruvate was much more strongly bound to 
the resin than was lactate (Fig. 4). AMP was separated well in 


advance of the group of overlapping sugar monophosphates 
(Fig. 3). Tests with crude standards (not shown) indicated that 
sedoheptulose 7-phosphate would just precede G6P and that 
ribulose 5-phosphate would just follow R5P. The tetrose phos- 
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Fic. 1. Dowex 1-chloride separation of phosphate compounds, 
HCl elution sequence. A solution containing 10 wmoles of each 
compound was run through a 1 X 14-cm. column of Dowex 1-X8 
chloride (60 to 80 wet mesh), and the absorbed compounds were 
eluted at 2.5 ml. per minute with stepwise increases in the concen- 
tration of HCl as indicated. Assays: @——@, total P; O——O, 
adenine (D, 260 my); B——, glvcerate (chromotropic); A——A, 
IP, G6P (anthrone minus carbazole), F6P (carbazole), and R5P 
(oreinol), all 4 compounds eluted in the same curve; A——A, 
FDP (earbazole). 
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Fig. 2. Dowex 1-chloride separation of phosphate compounds, 


HCI-NH,CI elution sequence. Procedure and symbols as in Fig. 
1 except for the use of NH,CI as indicated. 


2 
ON HCL 


phates were not tested. The following general elution pattern 
was indicated: heptose, hexose, pentose, and triose appearing in 
the eluate in this order; 1-phosphate before 6-phosphate; aldose 
before ketose. On this basis the tetrose phosphates would be 
expected to appear between the R5P and the IP. G3P acted in 
a somewhat atypical fashion; it was eluted in about the same 
position as the R5P, well ahead of the ketotriose (DAP) (Fig. 
7). The a- and 8-glycerol phosphates followed closely after the 
G6P with the 8 derivative acting as a slightly stronger acid 
(Fig. 8). Adenine and DPN were very weakly held to the resin 
and, in order to be retained, were applied to a well washed neu- 
tral column from a solution of very weak ionic strength, prefer- 
ably made slightly alkaline with ammonia. TPN is a stronger 
acid and followed IP in the eluate with a somewhat broader 
curve than that of the other compounds (Fig. 4). Quantitative 
yields in the eluate were obtained with most of the compounds. 
However, the recovery of pyruvate was 10 to 20 per cent low and 
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Fic. 3. Dowex 1-formate separation of phosphate compounds, 
formic acid elution. A solution containing 10 wmoles of each 
compound was run through a 1 X 14-cm. column of Dowex 1-X8 
formate (100 to 325 wet mesh), and the absorbed compounds were 
eluted at 0.7 ml. per minute with 2 |. of linear gradient 0 to 1 N 
formic acid. Assays: ®——4§, adenine (D, 260 mp); @—®, 
GIP (acid-labile P); O——-O, G6P (anthrone minus the sum of 
carbazole and acid-labile P); A——A, F6P (carbazole); A——A, 


R5P (orcinol); IP. 


LACTIC 
URIC 
| AMP 
a 
| PYRUVIC 
| 
| TPN 
| 
| 


| 

LITERS THROUGH COLUMN 

Fic. 4. Dowex 1-formate separation of phosphate compounds 
formic acid elution. A solution containing 10 wmoles of each 
compound was run through a 1 X 14-cm. column of Dowex 1-X8 
formate (100 to 325 wet mesh), and the absorbed compounds were 
eluted at 0.7 ml. per minute with 2 1. of linear gradient 0 to 0.6 N 
formic acid. Assays: O——O, uric acid (D, 285 mu); 
lactic acid (p-hydroxydiphenyl); O——-O, AMP (D, 260 my); 
A——A, G6P (anthrone); A——A, pyruvic acid (lactic de- 
hydrogenase); @——@, IP; O——-O, TPN (D, 260 my). 
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Fic. 5. Dowex 1-formate separation of acidic compounds, 
formic acid elution. A solution containing 10 pmoles of each 
compound was run through a 1 X 14-cm. column of Dowex 1-X8 
formate (100 to 325 wet mesh), and the absorbed compounds were 
eluted at 0.4 ml. per minute with 2 1. of 0 to 0.5 N formie acid. 
Assays: A——A, uric acid (D, 285 mu); A——A, lactic acid 
(p-hydroxydiphenyl); O——O, glyceric acid (chromotropic). 
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Fic. 6. Dowex 1-formate separation of phosphate compounds, 
formic acid elution. A solution containing 20 umoles each of 
G6P and FIP was run through a 1 X 14-em. column of Dowex 
1-X8 formate (100 to 325 wet mesh), and the absorbed compounds 
were eluted at 1.1 ml. per minute with 2 1. of linear gradient 0 to 
0.6 N formic acid. Assays: O——O, G6P (anthrone minus car- 
bazole); @——@, F1P (carbazole). 
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Fic. 7. Dowex 1-formate separation of phosphate compounds, 
formic acid elution. A solution containing 10 uwmoles each of 
G6P and IP and approximately 10 umoles each of G3P and DAP 
(containing about 8 wmoles of IP) was run through al X 14-cm. 
column of Dowex 1-X8 formate (100 to 325 wet mesh), and the ab- 
sorbed compounds were eluted at 0.9 ml. per minute with 2 1. of 
0to1.0N formic acid. Assays: O——O, G6P (anthrone); A——A, 
G3P (glyceraldehyde phosphate dehydrogenase); O——O, DAP 
(glycerol phosphate dehydrogenase); @——®@, IP. 
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Fic. 8. Dowex 1-formate separation of phosphate compounds, 
formic acid elution. A solution containing 10 wmoles of each 
compound was run through a 1 X 14-cm. column of Dowex 1-X8 
formate (100 to 325 wet mesh), and the absorbed compounds were 
eluted at 0.8 ml. per minute with 2 1. of linear gradient 0 to 1 N 
formic acid. Assays: O O, G6P (anthrone); A——A, a-GLP 
A——A, B-GLP (total P minus periodate); @——®, 


that of the triose phosphates, 20 to 30 per cent low, although 
there was some uncertainty about the purity of the triose stand- 
ards. Assays for G3P with glyceraldehyde phosphate dehy- 
drogenase and for GAP with glycerol phosphate dehydrogenase 
indicated that the two were being recovered from the column 
unchanged. 

Compounds of stronger acidity were separated on Dowex 
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]-formate by elution with ammonium formate buffers. The fol- 
lowing phosphate esters were used in this series of chromato- 
graphs: ADP, MPG, FDP, PEP, IPP, DPG, and ATP. IP 
was inserted as a weak acid marker. 10 umoles of each com- 
pound were combined, diluted to 100 ml., run through 1 x 14-cm. 
columns of Dowex 1-X8 formate (100 to 325 wet mesh) and were 
eluted at a rate of 1 ml. per minute with 2 1. of linearly increasing 
concentration of ammonium formate buffer. Three buffer sys- 
tems were tested: (a) 0 to 1 N ammonium formate (pH 6.4), 
(b) 0 to 2 N formate containing equal parts of formic acid and 
ammonium formate (pH 3.6), and (c) 0 to 4 N formate containing 
4 parts of formic acid and 1 part of ammonium formate (pH 3.0). 
Since the elution capacity increased with the pH, the concentra- 
tion of formate was adjusted to give an approximately equivalent 
spread of compounds through the eluate in each buffer system. 
The results are presented in Figs. 9 to 11, and Fig. 12 schemati- 
cally summarizes the effects of pH on the relative elution posi- 
tions of the different compounds. 

The most striking shift of the elution pattern brought about 
by a change of the pH was observed with the adenylates as com- 
pared to the other compounds, with the nucleotides being rela- 
tively more rapidly eluted, the lower the pH. For example, 
ADP came off the column first and DPG last at pH 3.0, but at 
pH 6.4 they appeared approximately at the same time. ATP 
eluted well ahead of DPG at pH 3.0, the two were mixed at pH 
3.6 and at pH 6.4 ATP followed the DPG without any over- 
lapping. The same relationship held true when either neutral 
chloride (NH,Cl) or HCl was used as the sole eluting agent on 
columns of Dowex 1-chloride. With an NH,C]I stepwise elution 
sequence ADP and DPG came off the column together, and the 


ATP appeared later as a separate peak. With HCl as the eluent 


DPG and ATP appeared together with the ADP well in advance. 
In another test system, AMP eluted before IP with HCl and 
eluted after the IP with NH,Cl. | 

In general a better spread of compounds was obtained in the 
eluates at the more acid pH. It appears, however, that no one 
buffer system would be expected to give the best resolution of all 
compounds, and for any particular pair there probably exists 
an optimal acidity for separation. The relative positions of 
MPG, FDP, PEP, and IPP provide an example (Fig. 12). From 
a comparison of the pattern at pH 3.6 with that at 3.0, it was 
found that at pH 3.6 MPG and FDP eluted closer together, 
FDP and PEP were farther apart, and the positions of PEP and 
IPP were reversed. 

Separation of the GDP and FDP which were found in extracts 
of human red cells presented a special problem. The two hex- 
ose diphosphates were eluted in exactly the same position on 
columns of Dowex 1-chloride. First attempts to separate them 
on columns of Dowex 1-formate were disappointing, because the 
pH chosen was too high. Eventually it was found that the two 
compounds could be separated almost completely by using for- 
mate buffers as eluents in the pH range from 3.0 to 3.5; higher 
pH levels give increasingly poor resolution (see Fig. 11 in (1)). 
As in the case of the monophosphates, the aldose preceded the 
ketose. 

The relative order of elution was consistent for any particular 
buffer and mixture of compounds so that position in the eluate 
may be used as one good method of identification. Experience 
indicated that it would be difficult to find two phosphates which 
could not be separated at least partly by some procedure involv- 
ing column chromatography on anion exchange resins. Over- 


G. R. Bartlett 


1.0 1.2 1.4 


8 
LITERS THROUGH COLUMN 


Fic. 9. Dowex 1-formate separation of phosphate compounds, 
formate buffer elution. A solution containing 10 uwmoles of each 
compound was run through a 1 X 14-cm. column of Dowex 1-X8 
formate (100 to 325 wet mesh), and the absorbed compounds were 
eluted at 1 ml. per minute with 2 |. of linear gradient 0 to 4.N pH 
3.0 ammonium formate. Assays: @——®@, total P; O——O, 
adenine (D, 260 my); A——A, carbazole. Other identification 
assays not plotted: MPG and DPG (chromotropic); IPP (acid- 
labile P); PEP (D, 220 my). 
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LITERS THROUGH COLUMN 
Fic. 10. Dowex 1-formate separation of phosphate compounds, 
formate buffer elution. Procedure and symbols as in Fig. 9 
except for the use of 0 to 2 N, pH 3.6 ammonium formate as the 
eluent. 
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LITERS THROUGH COLUMN 
Fic. 11. Dowex 1-formate separation of phosphate compounds, 
formate buffer elution. Procedure and symbols as in. Fig. 9, 
except for the use of 0 to 1 N, pH 6.4 ammonium formate as the 
eluent. 


lapping compounds can be sampled at their nonoverlapping por- 
tions when minimally contaminated aliquots are required as, 
for example, in isotope studies. The choice of the particle size 
of the resin, of the column size, and of the elution flow rate was 
usually a compromise between ideal resolution and speed of 
operation. It may be expected that in most cases improved 
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chromatographed was adjusted to between pH 2 and 3 and run the 
through the column. The IP passed through and the organic of 
phosphates remained adsorbed. Approximately 100 ml. of 7 

4N 0.001 Nn HCl was next run through the column to wash off all pi 
traces of IP. The carbohydrate phosphates were then eluted se 

ae with 0.01 n NH,OH. All operations were carried out at flow si 
rates of 2 to 3 ml. per minute. A 75 to 85 per cent elution yield (3s 

was obtained with the glycerol phosphates, the triosephosphates, , 

IN R5P, G6P, and F6P. The ammonia eluate could be added di- } the 
rectly to a Dowex 1 column for further separation. of 

The principal drawback of carbon chromatography was the pre 

difficulty in obtaining good recoveries of the adsorbed compounds. par 


| | 
6 8 1.0 1.2 1.4 2. 


LITERS THROUGH COLUMN Many of the carbons tested, including the B-C No. 1654, gave Pay 
Fic. 12. Schematic summary of the Dowex 1-formate chroma- P20 recoveries of polyphosphates such as FDP, DPG, and the of | 
tographic elution positions of selected phosphate compounds in adenosine phosphates. The most favorable results in this re- cial 
three ammonium formate buffer systems: 0 to 4.N, pH 3.0 formate; spect were obtained with some relatively “high porosity” (23) org 
0 to 2 N, pH 3.6 formate; and 0 to1 Nn, pH 6.4 formate. The data  eoke carbons (Pittsburgh Coke and Chemical Company). These 
were carbons were obtained as large particles which were ground to 
convenient mesh size. Although they were considerably more tori 
separations would result from the use of still finer resins, longer friable than B-C carbon, they could still be used for column t 
columns, and slower flow rates. chromatography without the addition of inert carriers. The ' 
carbon column was treated the same way as described above. 
Carbon Chromatography Several experiments were carried out on trichloroacetic acid , 
For several years in this laboratory a variety of activated car- €Xtracts of human red cells with the use of carbon types OL, | 4 
bons have been tested for use in the isolation of phosphate com- CAL and RB (Pittsburgh Coke and Chemical). 1 X 10-cm. | 3. 
pounds by column chromatography and separation of IP, sugar columns of the carbon were handled as described above. All of 
phosphate derivatives, and nucleotide phosphates from each the IP passed through the column; 80 to 90 per cent of the non- : | 
other by the use of carbon columns to supplement ion exchange cleotide phosphorus was eluted with 0.01 n NaHCOs, and 80 a 
chromatography has been recommended (21, 22). These in- © 90 per cent of the nucleotide phosphorus was eluted with 2 n 6. | 
vestigations are incomplete but since carbon has been used in NH,sOH in 50 per cent ethanol. i 
companion studies to help in the isolation of phosphate com- That the molecular porosity of the carbon may be one impor- 
pounds from the red cell, a preliminary description of the tech- tant factor in determining the degree of adsorption and elution es 
niques is presented at this time. of such compounds is indicated by the fact that a very low poros- | 9 | 
Columns of some types of activated carbons were found to ity coke carbon (Pittsburgh GW)? gave much poorer yields on 
adsorb quantitatively a variety of organic phosphates from acid elution than did the OL, CAL, and RB types, whereas a very 
solution without binding any inorganic phosphate. The carbo- high porosity carbon (Darco G60) did not hold the carbohydrate “4 ] 
hydrate phosphate intermediates were weakly held to the carbon _ phosphates, although it bound all of the nucleotides. 12. | 
and could be eluted with dilute (0.01 x) bicarbonate or ammonia It has been recognized for many years that activated carbons | 13. 
without eluting nucleotides which in turn were removed with show a selective affinity for aromatic derivatives (24), and this | 14. | 
strong ammoniacal alcohol (2 N NH,OH in 40 per cent ethanol). Property has been used for the separation of aliphatic from aro- 
The usual laboratory carbons (Norit A, Darco G60, Merck NF) matic amino acids (25) and for the purification of nucleotides I 
were unsatisfactory for this purpose, since they showed poor (for example, (26-28)). Carbons also show a size selectivity | jg 
adsorption affinity for the sugar phosphates, and, being soft, which has been of value in the column chromatographic separa- 
friable powders, did not lend themselves to column chromatog- tion of mixtures of simple sugars and oligosaccharides (29). | 17. | 
raphy. Crane and Lipmann (30) have focused attention on the advan- - 
The Barneby-Cheney (B-C)? carbons, being hard, of high ad- tage of carbon for the analytical separation of adenylate phos- 19. \ 
sorption capacity, and commercially available in convenient Phate from a mixture of other phosphates, and Crane (31) has } 9, | 
mesh sizes, were well adapted to column operations. One of recently pointed out the possibilities for applying carbon to the | 
the B-C carbons, No. 1654, from nut shell, was used for the sep- Separation of IP from organic phosphates of biological interest. 7 


aration of the relatively large amount cf IP from the sugar mono- 
phosphates in red cell extracts (see Fig. 4 in (1)). The carbons 
were cleaned by washing with water, the carbon dust being re- 
moved by decantation. A 1 Xx 14-cm. column of 80 to 150 mesh 
carbon was washed with about 500 ml. of 1 w HCl and then with 
enough water to remove the excess acid. The solution to be 


? For supplying samples of carbon and providing technical in- 
formation, the author is especially indebted to: A. X. Hiltgen, 
Pittsburgh Coke and Chemical Company, Pittsburgh, Pennsyl- 
vania; W. A. Helbig, Darco Dept., Atlas Powder Company, New 
York City; and T. Barneby, Barneby-Cheney Company, Colum- 
bus, Ohio. 


DISCUSSION 


Contributions from the laboratories of Cohn (32) have been 
most significant in the development of ion exchange procedures 
for the analysis and isolation of tissue metabolites, especially as 
applied to derivatives of nucleic acids. This method has been 
extended to the analysis of free tissue nucleotides by a number of 
investigators (33). There have been, however, few practical 
applications of ion exchange chromatography to the isolation of 
tissue carbohydrate phosphate derivatives. Khym et al. (34, 
35) have described conditions for the separation of some of the 
carbohydrate phosphates on Dowex 1 which take advantage of 
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the formation of complexes by borate to improve the resolution 
of the closely related sugar monophosphates. Other separation 
schemes have been described (36, 37). Ion exchange column 
chromatography has also been used in isolated instances for the 
separation of pairs of sugar phosphate derivatives (for example, 
(38, 39). 

Salt fractionation methods have plaved an important role in 
the development of knowledge about the nature and distribution 
of acid-soluble phosphate compounds in the living cell. Im- 
provements in chromatographic procedures have for the most 
part rendered salt fractionation obsolete for quantitative work. 
Paper chromatography has proved of some value in the isolation 
of tissue phosphates, but in view of the special problems asso- 
ciated with the paper procedure (40), e.g. lability of many of the 
organic phosphates to concentration, poor migration of these 
esters as compared to such compounds as free sugars and amino 
acids, salt effects, and so on, this method would seem to be in- 
ferior to the ion exchange column separations for quantitative 


studies. 


G. R. Bartlett 


465 


SUMMARY 


Ion exchange column chromatographic separations on Dowex 1 
resin, with the use of chloride and formate elution systems, are 
described for various mixtures of uric acid, lactic acid, glyceric 
acid, pyruvic acid, triphosphopyridine nucleotide, adenosine 
mono-, di-, and triphosphates, glucose 1-phosphate, glucose 
6-phosphate, fructose 1-phosphate, fructose 6-phosphate, ribose 
5-phosphate, glyceraldehyde 3-phosphate, dihydroxyacetone 
phosphate, a-glycerol phosphate, 8-glycerol phosphate, inor- 
ganic phosphate, inorganic pyrophosphate, monophosphoglyc- 
erate, 2,3-diphosphoglycerate, phosphoryvlenolpyruvate, glu- 
cose diphosphate, and fructose diphosphate. 

To improve the assay of the carbohydrate phosphates in col- 
umn eluates, modifications of and additional information con- 
cerning the use of the anthrone, carbazole, cysteine-H-SO,, and 
periodate methods are described. 

A preliminary description of the use of activated carbons for 
the column chromatographic group separation of inorganic phos- 
phate, carbohydrate phosphates, and nucleotide phosphates is 
presented. 


REFERENCES 


1. BartTLeTT, G. R., J. Biol. Chem., 234, 449 (1959). 

2. Dreywoop, R., Ind. Eng. Chem. Anal. Ed., 18, 499 (1946). 

3. DiscHE, Z., AND BORENFREUND, E., J. Biol. Chem., 192, 583 
(1951). 

4. Discus, Z., J. Biol. Chem., 204, 983 (1953). 

5. FRISELL, W. R., Meecu, L. A., AND MaAcKENzIE, C. G., J. 
Biol. Chem., 207, 709 (1954). 

6. GRANT, W. M., Anal. Chem., 20, 267 (1948). 

7. BARKER, S. B., aNp SumMErRSON, W. H., J. Biol. Chem., 138, 


535 (1941). 
8. FRIEDEMANN, T. E., ANp HauGEn, G. E., J. Biol. Chem., 147, 
415 (1943). 


9. KoRNBERG, A.,in 8S. P. CoLowick N. O. Kaptan (Editors), 
Methods in enzymology, Vol. I, Academic Press, Inc., New 
York, 1955, p. 441. 

10. MesBaum, W., Z. physiol. Chem., 258, 117 (1939). 

ll. BARTLETT, G. R., J. Biol. Chem., 234, 469 (1959). 

12. BARTLETT, G. R., J. Biol. Chem., 234, 466 (1959). 

13. MEYERHOF, O., AND LOHMANN, K., Biochem. Z., 271, 89 (1954). 

14. BEISENHERZ, G., BoLtze, H. J., BucuEer, T., Czox, R., Gar- 
BADE, K. H., MEYER-ARENDT, I.., AND PFLEIDERER, G., 
Z. Naturforsch., 8b, 555 (1953). 

15. Hers, H. G., Biochim. et Biophys. Acta, 8, 416 (1952). 

16. MEYERHOF, O., AND JuNowicz-Kocuo.aty, R., J. Biol. Chem., 
149, 71 (1943). 

17. Futmer, I., anp UNpERKOFLER, L. A., Jowa State Coll. J. 
Sci., 21, 251 (1947). 

18. Barer, E., aNp Kates, M., J. Biol. Chem., 175, 79 (1948). 

19. WeNvEL, W. B., J. Biol. Chem., 94, 717 (1932). 

20. LINDBERG, B., AND WicKBERG, B., Acta Chem. Scand., 8, 569 
(1954). 

21. BarTLETT, G. R., Federation Proc., 13, 179 (1954). 

22. BarTLeETT, G. R., Abstracts of papers of the 131st meeting of the 
American Chemical Society, American Chemical Society, 
Washington, 1957, p. 39C. 


23. Emmett, P. H., Chem. Revs., 43, 69 (1948). 

24. LepERER, E., anp LEDERER, M., Chromatography, Elsevier 
Publishing Company, Amsterdam, 1957. 

25. Tiseutius, A., Advances in Protein Chem., 3, 67 (1947). 

26. Fiske, C. H., Proc. Natl. Acad. Sci. U. S., 20, 25 (1934). 

27. LEPaGe, G. A., aND Mve.tier, G. C., J. Biol. Chem., 180, 
975 (1949). 

28. STADTMAN, E. R., AND Kornpera, A., J. Biol. Chem., 208, 47 

29 


(1953). 

. BInKLey, W. W., Advances in Carbohydrate Chem., 10, 55 
(1955). 

30. CRANE, R. K., anp Lipmann, F., J. Brol. Chem., 201, 235 
(1953). 


31. Crane, R. K., Science, 127, 285 (1958). 

32. Coun, W. E., in E. CHARGAFF AND J. N. Davipson (Editors), 
The nucleic acids, Vol. 1, Academic Press, Inc., New York, 
1955, p. 211. 

33. HuURLBERT, R. B., in S. P. Cotowtck anp N. O. Kapran (Ed- 
itors), Methods in enzymology, Vol. III, Academic Press, 
Inc., New York, 1957, p. 785. 

34. Kura, J. X., anp Conn, W. E., J. Am. Chem. Soc., 75, 1153 
(1953). 

35. Kuym, J. X., Donerty, D.G., anv Coun, W. E., J. Am. Chem. 
Soc., 76, 5523 (1954). 

36. GoopmMan, M., Benson, A. A., AND Cavin, M., J. Am. Chem. 
Soc., 4257 (1955). 

37. G. R., Savace, E., HuGues, L., anp Martow, A. 
A., J. Appl. Physiol. 6, 51 (1953). 

38. Horecker, B. L., Smyrniotis, P. Z., aNp SEEGMILLER, J. E., 
J. Biol. Chem., 193, 383 (1951). 

39. Horecker, B. L., Smyrniotis, P. Z., anp Kienow, H., J. 
Biol. Chem., 205, 661 (1953). 

40. Benson, A. A.,in S. P. Cotowick anp N. O. Kaptan (Editors), 
Methods in enzymology, Vol. III, Academic Press, Ine., New 
York, 1957, p. 110. 


| 
| 
a 
| 
| 


Phosphorus Assay in Column Chromatography* 
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The phosphorus assay method of Fiske and SubbaRow (1) 
has been modified to increase its sensitivity and to facilitate mul- 
tiple total phosphorus analyses on eluates from chromatographic 
columns. 


EXPERIMENTAL 


Materials—30 per cent hydrogen peroxide (Baker and Adam- 
son, phosphorus-free) and the ammonium molybdate, (NH,)e- 
Mo70.,-4H,O, were used. The Fiske and SubbaRow (1) reagent 
was prepared by adding 0.5 gm. of purified (1) 1l-amino-2- 
naphthol-4-sulfonic acid (Eastman Organic Chemicals) with 
mechanical stirring to 200 ml. of freshly prepared 15 per cent 
sodium bisulfite (anhydrous), followed by 1.0 gm. of anhydrous 
sodium sulfite. The solution was filtered, stored in a dark bot- 
tle, and freshly prepared weekly. 

Procedure for Total Phosphorus Analysis—Up to 2.0 ml. of the 
sample to be analyzed and 0.5 ml. of 10 N H2SO, were placed in 
a 12-ml. conical centrifuge tube and heated in a 150—160°-oven 
for at least 3 hours. 2 drops of 30 per cent H.O» were added, 
and the solution was returned to the oven for at least 1.5 hours 
more to complete the combustion and to decompose all the per- 
oxide. 4.6 ml. of 0.22 per cent ammonium molybdate (or 4.4 
ml. of H.O plus 0.2 ml. of 5 per cent ammonium molybdate) and 
0.2 ml. of the Fiske-SubbaRow reagent were added, mixed 
thoroughly, and heated for 7 minutes in a boiling water bath, with 
marbles covering the tubes. The optical density at 830 my was 
recorded with the use of a Beckman model B photometer with 
the red-sensitive phototube. This procedure for color develop- 
ment at 100° is hereafter designated the heating method. | 

A longer period of digestion at 150-160° did not influence the 
results. If an aliquot greater than 2.0 ml. was to be analyzed, 
it was first evaporated to dryness in a mechanical convection 
oven at about 110°. 1.0 ml. of H.O and 0.5 ml. of the 10 n 
H.SO, were then added with rinsing of the walls of the tubes, 
and the assay was continued as above. When more than 1 
mmole of ammonium formate was present, the sample was evap- 
orated to dryness at 110° in order to remove the formate; then 
H.O and H.SO, were added and the analysis continued as above. 

If the highest accuracy was not required, the following manipu- 
lations simplified and speeded multiple total phosphorus deter- 
minations on the eluates from column chromatographic separa- 
tions. Aliquots from successive fractions were transferred to 
the 12-ml. centrifuge tubes with an automatic syringe,! and the 
various reagents were delivered from elevated storage bottles 


* Supported in part by Grant No. H-1071, National Institutes 
of Health, United States Public Health Service. 
1 Becton, Dickinson and Company, Rutherford, New Jersey. 


through a solenoid dispenser? which was controlled by an elec- 
trical timer.’ 

To assay inorganic orthophosphate by this heating method, 
the phosphorus-containing solution was made to 4.1 ml. with 
water and 0.5 ml. of 10 N H»SOu,, 0.2 ml. of 5 per cent ammonium 
molybdate, and 0.2 ml. of the Fiske-SubbaRow reagent were 
added in succession with mixing. The solution was heated for 
7 minutes at 100° and the color read at 830 mu. 

Standard Curve—The color produced was proportional to the 
concentration of phosphorus up to 1.5 un in the reaction mixture. 
Direct colorimetric assay was convenient to about 0.15 um (Fig. 
1). Solutions with higher color values, however, could, by dilu- 
tion with water, be brought into the most accurate range for 
colorimetry without losing proportionality. 

Spectrum—Fig. 2 compares the spectrum of the color produced 
in the phosphorus reaction at 100° with that given by the usual 
procedure at room temperature. The heating method gave a 
more intense and different shade of blue, but the greatest in- 
crease in light absorption was beyond the range of visual per- 
ception as shown by the relatively sharp spectral peak with a 
maximum at 830 mu. The optical density at the maximum (830 
my) in the heating method was 0.520 for 0.1 umole of phosphorus 
in a total volume of 5.0 ml. (1-cm. light path), a value 7.2 times 
higher than the conventional method (measured at 660 my). 

Influence of Reagent Concentration and Heating Time; Stability 
of Color—The reliability of the method was reinforced by three 
factors: insensitivity to variations in the concentration of the 
reagents and in the heating time, and stability of the final color. 
The amount of molybdate or Fiske-SubbaRow reagent could be 
decreased or increased by one-third without influence on the 
color reaction. At sulfuric acid concentrations below 0.6 N, 
molybdate was directly reduced to a blue color and at sulfuric 
acid concentrations above 1.8 N, phosphorus color development 
was inhibited; between these extremes a constant color value was 
produced (Fig. 3). The color reached a maximum in 4 to 5 
minutes after the solution approached 100° and remained con- 
stant for several minutes of heating thereafter (Fig. 4). The 
final color was stable at room temperature for at least 24 hours. 
In contrast, the customary Fiske and SubbaRow method at 
room temperature ((1), see below) is more dependent on the 
concentrations of the molybdate and Fiske-SubbaRow reagent, 
has a narrower range of permissible H2SO, concentration (Fig. 
3), and produces an unstable color. 


? Liquid Dispenser No. 665, Microchemical Specialties Company, 
Berkeley, California. 


3 Model P-4R, 15 seconds, Industrial Timer Corporation, | 


Newark, New Jersey. 
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Fic. 1. Phosphorus standard curve with the heating method, 
optical density (D) measured at 830 mu with a l-em. light path. 
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Fig. 2. Spectra of colors given by phosphorus assay procedures. 
1.. Heating method. 2. Room temperature method. 
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N H2S04q4 
Fic. 3. Effect of sulfuric acid concentration on phosphorus 


assay procedures. 1. Heating method with the addition of 0.2 
ml. of 15 per cent EDTA, optical density (D) measured at 830 
mp with 2 wg. of phosphorus. 2. Heating method, D, 830 mu, 
2 ug. of phosphorus. 3. Room temperature method, D, 660 mu, 
10 wg. phosphorus. At sulfuric acid concentrations below the 
lowest points indicated Curves 2 and 3 gave blank colors due to 
the direct reduction of molybdate, and Curve 1 gave no color with 
or without phosphorus. 


Effect of EDTA*—First trials with the heating method, in- 
volving a final concentration of 0.5 N H2SO,, disclosed that the 
addition of 0.2 ml. of 15 per cent of sodium EDTA prevented 


‘The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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Fic. 4. Effect of the time of heating on color development in 
the heating method for phosphorus assay; optical density (D) 
measured at 830 my with 2 ug. of phosphorus. 


blank color development. Subsequently, it was found that in- 
creasing the sulfuric acid concentration made this addition un- 
necessary. However, it is of interest in respect to the mechanism 
of molybdate blue formation and it may prove experimentally 
useful in some circumstances that EDTA could extend the quan- 
titative phosphomolybdate blue reaction to a lower range of 
acid concentration (Fig. 3). EDTA completely blocked the 
direct reduction of molybdate to a blue color at any pH but also 
prevented reduction of phosphomolybdate at higher pH values. 

Effect of Arsenate and Silicate—Arsenate and silicate form 
molybdate compounds reducible to blue colors. At the high 
acidity used in this test silicate gave no reaction. Arsenate pro- 
duced 60 per cent of the 830 my absorption of an equimolar quan- 
tity of phosphate. - 

Ultramicro Modification of Total Phosphorus Method—Because 
of the constant low volume resulting from the wet ashing with 
sulfuric acid and hydrogen peroxide, the final volume of the phos- 
phorus assay mixture could be reduced, with appropriate adjust- 
ment of the reagent concentrations, to increase the sensitivity 
of the method. 1.0 ml. proved a workable final volume, obviat- 
ing resort to highly specialized microtechniques. The sample 
was combusted as before except that the amount of 10 n H.SO, 
was reduced to 0.3 ml. After combustion, 0.65 ml. of H.O, 0.2 
ml. of 5 per cent ammonium molybdate, and 0.05 ml. of the 
Fiske-SubbaRow reagent were added, and the solution was 
heated for 7 minutes at 100°. The optical density was read at 
830 mu with the use of a 40 x 10 X 3-mm. cuvette (Pyrocell 
Manufacturing Company). The color value obtained was, as 
expected, 5 times that given by the procedure involving a 5-ml. 
volume. 

Assay of Inorganic Orthophosphate in Presence of Phosphate 
Esters—The phosphorus heating method could not be used to 
assay inorganic orthophosphate in the presence of a number of 
phosphate esters which hydrolyzed under these conditions. The 
original Fiske and SubbaRow method (1) was found most reliable 
for measuring inorganic phosphate when mixed with phosphate 
esters, and the following conditions were used. 4.4 ml. of an 
approximately neutral orthophosphate-containing solution was 
mixed with 0.2 ml. of 10 N H2SO,, 0.2 ml. of 5 per cent ammonium 
molybdate, and 0.2 ml. of the Fiske-SubbaRow reagent. The 
color was recorded at 660 my after standing at room temperature 
for 7 to 10 minutes. The optical density at 660 my was 0.363 
for 0.5 umole of phosphorus (1l-cm. light path). The color grad- 
ually increased on further standing at room temperature with a 
more rapid rise in the 830 my region as the character of the light 
absorption changed towards that obtained in the heating method. 
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Very acid-labile phosphates, such as acetyl phosphate and phos- 
phocreatine, were largely converted to inorganic phosphate dur- 
ing this procedure. However, substances of intermediate la- 
bility, for example, the adenosine 5’-polyphosphates, glucose 
1-phosphate, and the hexose diphosphates, were not appreciably 
cleaved. 


DISCUSSION 


Although many contributions have been made to the analysis 
of phosphorus based on the reduction of phosphomolybdate to 
blue colors (2), including proposals for augmenting the color at 
elevated temperature with the Fiske-SubbaRow reagent (3, 4), 
it is believed that the modifications described here offer signifi- 
cant advantages in ease of manipulation, accuracy, and sensi- 
tivity. The heating method for the analysis of total phosphorus 
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has been an important contributing factor in the development of 
ion exchange column chromatographic techniques for the separa- 
tion of small amounts of organic phosphates of interest in inter- 
mediate carbohydrate metabolism (5) and for the isolation and 
identification of phosphate compounds from red blood cells 
(6, 7). 

SUMMARY 


A modification of the Fiske and SubbaRow method for the 
analysis of phosphorus is described which greatly increases the 
sensitivity and relia’ ility of the method and is of special value for 
multiple total phosphorus determinations on eluates from chro- 
matographic columns. The method is based on a large increase 
in the light absorption at 830 my which is produced by heating 
the phosphorus reaction mixture in relatively strong sulfuric 
acid. 
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Colorimetric Assay Methods for Free and 


Phosphorylated Glyceric Acids* 
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Eegriwe (1) introduced 1,3-dihydroxynaphthalene (naphtho- 
resorcinol) as a spot test reagent for glycerate, and Rapoport (2) 
adapted the reaction for quantitative assay. In the present 
study it was found that, in addition to the naphthoresorcinol, 
2,7-dihydroxynaphthalene and 4,5-dihydroxy-2 ,7-naphthalene- 
disulfonic acid (chromotropic acid) when heated with free or 
phosphorylated glycerates in concentrated sulfuric acid, produced 
distinctive colors which could be used to advantage for the 
identification of these compounds in column chromatographic 
eluates. The chromotropic acid reaction displayed the highest 
sensitivity and selectivity and was preferentially used for the 
quantitative analysis of glycerates. 


EXPERIMENTAL 


2,7-Dihydroxynaphthalene was recrystallized from water, and 
naphthoresorcinol was purified according to Meyer and Bloch 
(3); both were Matheson, Coleman, and Bell chemicals. Chro- 
motropic acid (Eastman Organic Chemicals) was precipitated 
from a saturated aqueous solution with 4 volumes of ethanol. 
MPG! (Schwarz Laboratories), 3- and 2-PG (Biochemica Boeh- 
ringer), 2-PG (gift of Dr. C. Ballou), and DPG from red cells 
were purified by ion exchange chromatography on Dowex 1 
resin. Glyceric acid was prepared by the hydrolysis with in- 
testinal phosphatase (Armour) of a sample of purified DPG 
uniformly labeled with C', which had been isolated after incu- 
bation of human red cells with uniformly labeled glucose-C™. 
The glyceric acid-C™, after purification on Dowex 1, was phos- 
phorus- and nitrogen-free and contained 3.3 uwmoles per ml. by 
radioactivity (based on the original DPG specific activity) and 
3.4 umoles per ml. by periodate analysis. 

Each of the three reactions of glycerates with the hydroxy- 
naphthalene derivatives was carried out under the same condi- 
tions except for the time of heating. A volume of 0.2 ml. of 
solution containing glycerate was mixed with 5.8 ml. of freshly 
prepared 0.01 per cent hydroxynaphthalene in concentrated sul- 
furic acid, and the mixture was heated at 100° in a water bath. 
In the naphthoresorcinol and 2,7-dihydroxynaphthalene reac- 
tions, glyceric acid, MPG, and DPG were heated for 30, 60, and 
120 minutes, respectively. In the chromotropic acid test, both 


* Supported in part by Grant No. H-1071, National Institutes 
of Health, United States Public Health Service. 

‘On account of the very large number of data presented in this 
paper, the Editors have permitted the use of a set of highly con- 
densed abbreviations which are not ordinarily employed in the 
Journal, according to its present rules. 

The abbreviations used are: MPG, monophosphoglyceric acid; 
2- and 3-PG, 2 and 3 monophosphoglyceric acid; DPG, 2,3-diphos- 
phoglycerie acid. 


glyceric acid and MPG were heated for 30 minutes, and DPG 
was heated for 120 minutes. The spectra of the colors formed 
are shown in Figs. 1 to 3. | 

The phosphorylated glycerates reacted more slowly than did 
the free acid, and, as shown in the figures, each produced a some- 
what different color, both quantitatively and qualitatively. 
2-PG and 3-PG gave identical spectra in the three hydroxy- 
naphthalene reactions. 

Formate ion or an excess of water inhibited the color formation. 
Aliquots for analysis greater than 0.2 ml. were dried at 80—90° 
in a mechanical convection oven. Samples containing ammo- 
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Fic. 1. Spectra of the reaction of glycerates with chromotropic 
acid. @—-—@, glyceric acid; O——O, MPG; DPG 


O-I1CM—.4yM GLYCERATE 
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Fig. 2. Spectra of the reaction of glycerates with naphtho- 

resorcinol. @——@, glyceric acid; O——O, MPG; O——DO. 
DPG. 
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GLYCERATE 


500 600 700 


Fic. 3. Spectra of the reaction of glycerates with 2,7-dihydrox- 
ynaphthalene. @——®@, glyceric acid; O——O, MPG; 0——O, 
DPG. 


800 my 


nium formate were evaporated first at 80-90° and then placed 
under vacuum at the same temperature for more rapid sublima- 
tion of the formate. After the drying procedure, 0.2 ml. of wa- 
ter was added and the analysis continued as above. Chloride 
on did not interfere. 


Free and Phosphorylated Glyceric Acid 
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LITERS THROUGH COLUMN 


Fic. 5. Chromotropic acid assay of a Dowex 1-formate chroma- 
tographic separation of the red cell MPG-ADP mixture (4). 
O——O, chromotropic acid, 1.0 ml. for assay with 30 minutes of 
heating; @——-@, total phosphorus, 0.5 ml. for assay; O——O, 
adenine (Dog mu). The ADP-MPG mixture from Fig. 4C was 
rechromatographed on a1 X 14-cm. column of Dowex 1-X8 for- 
mate (100 to 325 wet mesh) at 0.7 ml. per minute with 1 1. of linear 
gradient 0 to 1 nN, pH 6.4 ammonium formate. The first peak has 
been identified as MPG by other tests (4). 
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Fic. 4. Chromotropic acid assay of a Dowex 1-chloride chromatographic separation of red cell phosphates (4). 


1.4 


tropic acid, 1.0 ml. for assay with 30 minutes of heating; @——@, total phosphorus, 0.5 ml. for assay; O——O, adenine (D, 260 my). 
A trichloroacetic acid extract of 53 ml. of human red cells (P. W., see text) was chromatographed on a 1 X 14-cm. column of Dowex 


1-X8 chloride (60 to 80 wet mesh) at 2.5 ml. per minute. 
E, 0.2 NH,Cl; F, 0.5 NH,CI; G, 1.0 HCI. 


Positive chromotropic acid reactions in C (= MPG) and in E (= DPG). 


Eluting agents: A, 0.003 n HCl; B,0.01 n HCI; C, 0.02 n HCI; D, 0.1 n NH,CI; 


See (4) for 


a description of compounds. DPG peak values at eluate volumes: 1260, 1280, 1301, 1322, and 1342 ml. were 7.9, 6.9, 4.2, 2.7, and 1.2 


umoles of total P per ml. and 3.9, 3.6, 2.0, 1.3, and 0.53 umole of glycerate per ml. 


ing). 


The chromotropic acid reaction gave the most color per equiv- 
alent of glycerate and was also the most specific of the three 
tests. Naphthoresorcinol and 2,7-dihydroxynaphthalene 
acted with most of the glycolytic and pentose shunt intermedi- 
ates to form colors which could interfere with the analysis of 
glycerates. The following compounds gave less than 5 per cent 
interference in the chromotropic acid reaction (30 minutes of 
heating, color read at 695 my) when present in concentrations 
equivalent to the glycerates: glucose and fructose and their 1- 
and 6-mono- and diphosphates, sedoheptulose, ribose, erythrose, 


(chromotropic acid assay with 120 minutes of heat- 


glyceraldehyde, dihydroxyacetone, lactic acid, pyruvic acid, 
glycolic acid, acetic acid, glycerol, formaldehyde, and the mono-, 
di-, and triphosphates of adenosine. 

The chromotropic acid reaction produced a stable color the 
intensity of which was closely proportional to the concentration 
of glycerate up to 1 wmole in the reaction mixture. The density 
readings for 0.2 umole of glycerate were 0.48 for glyceric acid, 
0.49 for MPG, and 0.28 for DPG when measured at 695 mug 
with a Beckman model B photometer (red-sensitive photocell) 
with the use of 10-mm. light path cuvettes. 
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A practical demonstration of the analytical use of the method 
is given in Fig. 4 which presents a Dowex 1-chloride chromato- 
graphic separation of the mixture of human red blood cell phos- 
phate compounds (4) in which the chromotropic acid reaction 
values, optical density at 260 my, and total phosphorus are 
plotted. Fig. 5 shows the curves obtained by the same analyses 
on a Dowex 1-formate chromatographic resolution of the MPG- 
ADP mixture from human red cells (4). It can be seen that only 
the eluate fractions containing glycerate gave a positive reac- 
tion with the chromotropic acid. 


DISCUSSION 
As an analytical method for glycerates, the chromotropic acid 
reaction has the advantages of greater sensitivity and specificity 
in comparison with the naphthoresorcinol method of Rapoport 
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(2, 5), the only previously available colorimetric procedure. A 
reaction of glycerate with 2,7-dihydroxynaphthalene is also 
described but, like that with naphthoresorcinol, it, too, lacks 
specificity. The characteristic spectra of these reactions can 
provide useful information for the identification of glycerates in 
purified solutions. 


SUMMARY 


Spectra are given for the reaction of glyceric acid, monophos- 
phoglyceric acid, and 2,3-diphosphoglyceric acid with 1,3- 
dihydroxynaphthalene, 2,7-dihydroxynaphthalene, and 4,5-di- 
hydroxy -2,7-naphthalene-disulfonic acid. The last named 
reagent is recommended for the identification and quantitative 
assay of glycerates. 
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The formation of 3-keto-L-gulonic acid as an intermediate in 
the biosynthesis of t-xylulose has been proposed (1, 2). How- 
ever, experimental data in support of this hypothesis are not 
available. Consequently, upon the definitive identification of 
t-xylulose as a product of L-gulonic acid metabolism in kidney 
extracts (3), it became of interest to attempt a fractionation of 
the enzyme system in an endeavor to provide more detailed in- 
formation on the validity of this proposal. 

The present paper, therefore, is concerned with the purifica- 
tion of the enzyme, L-gulonic acid (DPN) dehydrogenase, and 
with the presentation of experimental evidence supporting the 
role of 3-keto-L-gulonic acid as an intermediate in L-xylulose bio- 
synthesis according to the formulation: 


COOH COOH CH,.OH 
| | 
HOCH HOCH C=O 
| | | 
HOCH DPN — HCOH 
| | + CO. (1) 
HCOH HCOH HOCH 
| 
i 
HOCH HOCH CH.OH 
| 
CH.OH CH.0OH 
L-gulonic acid 3-keto-L-gulonic —_L-xylulose 
acid 
EXPERIMENTAL 


Materials—t-Gulonic acid-1-C™% (0.20 we. per mg.) and L- 
ascorbic acid-1-C™ (0.10 we. per mg.) were prepared as described 
previously (4, 5). Uniformly C-labeled 2-keto-1-gulonic acid 
(0.10 we. per mg.) was a gift from Dr. Peter Dayton of Goldwater 
Memorial Hospital, New York. All other materials were ob- 
tained from commercial sources. 

Metheds—t-Gulonic acid (DPN) dehydrogenase activity was 
determined by following the rate of DPN reduction at 340 mu. 
The range over which this assay was proportional to enzyme con- 
centration is shown in Fig. 1. 

Methods used to collect CO, and to prepare samples for count- 
ing were the same as those used previously (6). Similarly, the 
details of the carrier dilution technique which involves the chro- 
matographic resolution of ascorbic acid, have been published (7). 
Protein was determined in the crude enzyme preparations by the 
phenol method (8) and in the more purified fractions by the 
method of Warburg and Christian (9). 


Enzyme Purification 


Kidneys from freshly slaughtered hogs were chilled in ice, 
transported to the laboratory, and stored at —12°. Under 
these conditions, the enzyme was stable over a period of months. 

Ina typical preparation, 40 gm. of frozenkidney were homogen- 
ized in a mechanical blendor with 160 ml. of cold isotonic KCl. 
The resulting homogenate was centrifuged in the cold at 20,000 x 
g for 15 to 20 minutes and the residue was discarded. The tur- 
bid supernatant solution (130 ml.) was made 40-per cent satu- 
rated by the addition of 29.4 gm. of ammonium sulfate. After 
15 minutes at 0°, the precipitate was removed by centrifugation 
and the resulting clear solution (135 ml.) brought to 60 per cent 
of saturation by the addition of 16.2 gm. of ammonium sulfate. 
Upon centrifugation, the supernatant solution was discarded 
and the precipitate dissolved in a small amount of cold, distilled 
water. The 40 to 60 per cent ammonium sulfate fraction was 
then dialyzed overnight at 2° against 4 1. of 0.01 m K,_HPO,. 
At this point, the preparation was stable and could be stored at 
— 12° for periods of at least 2 weeks without appreciable loss of 
activity. Aliquots of this fraction, further purified by treat- 
ment with gels, were unstable and lost about 50 per cent of their 
activity within 24 to 48 hours. Consequently, the more highly 
purified enzyme solutions were freshly prepared and used within 
48 hours as follows. To a 2-ml. aliquot of the dialyzed enzyme 
containing 80 mg. of protein, 230 mg. (dry weight) of alumina 
gel Cy were added. After standing for 10 minutes at 0°, the 
gel suspension was centrifuged, the supernatant solution was 
discarded, and the gel was washed with an equal volume of dis- 
tilled water. The enzyme was then eluted from the gel with 2 
ml. of 0.01 m phosphate buffer at pH 8.5. In some cases, it 
was necessary to increase the concentration of the phosphate 
buffer to 0.02 m in order to recover the major portion of the ac- 
tivity. Further treatment of the enzyme solution with 140 mg. 
(dry weight) of calcium phosphate gel resulted in the removal of 
inert protein without loss of activity. The over-all purification 
achieved was about 35-fold as is shown in Table I. 

Throughout the fractionation steps, the formation of DPNH 
was always accompanied by the appearance of some CO, and 
L-xylulose, although the ratio of ketopentose to DPNH was 
markedly decreased in the more highly purified preparations. As 
a consequence, it was not possible to determine the extent to 
which the decarboxylation steps may represent a nonenzymatic 
reaction. The increasing lability of the enzyme upon purifica- 
tion discouraged further attempts to resolve these two steps. 


472 


f 
| f 
t 
t 

p 
b 
S] 
0} 
ti 
Al 

| 


March 1959 


Properties of Enzyme 


Stability—Although the dialyzed, ammonium sulfate-treated 
enzyme was moderately stable at — 12°, the more highly purified 
preparations lost the major portion of their activity within 24 
to48 hours. Attempts to stabilize these preparations by storage 
in the presence of substrate, ammonium sulfate, or various sulf- 
hvdryl compounds were unsuccessful. 

pli—The activity of the L-gulonic acid dehydrogenase was 
markedly dependent upon pH and increased steadily with pH 
values up to 9.5. However, in an attempt to avoid excessive 
degradation of the reaction products resulting from a high al- 
kalinity, the reaction was run routinely at a pH of 8.5. 

Specificitty—The purified enzyme appeared to be specific for 
t-gulonic acid. The only other substrate exhibiting measurable 
activity under the conditions of the assay was t-gulonolactone 
which reacted at about one-third of the rate of the acid. Among 
the materials tested and found to be inert were p-gulonic acid, 
9-keto-L-gulonic acid, L-galactonic acid, p-glucuronic acid, p- 
galacturonic acid, and L-ascorbic acid. 

Inhibitors and Actiwators—Cysteine at a concentration of 10-% 
m, doubled the activity of the purified dehydrogenase. Gluta- 
thione, mercaptoethanol, and 2,3-dimercapto-l-propanol at the 
same concentration were without effect. In the presence of p- 
chloromercuribenzoic acid (10-* m) the enzyme was completely 
inhibited but arsenite, fluoride, and Versene (ethylenediamine- 
tetraacetate) were ineffective at the same concentration. Trap- 
ping agents such as semicarbazide and hydrazine were tried re- 
peatedly in an unsuccessful attempt to accumulate the postulated 
keto intermediate in this reaction. These compounds did not 
inhibit the reaction since the rate of DPNH formation was es- 
sentially unaffected in their presence at a concentration of 10-3 a. 
No requirement for magnesium or manganese was observed at 
any stage of the purification process. 


Analysis of Reaction Products 


Preliminary studies on the properties of the crude kidney en- 
zyme confirmed the observation that DPN was an essential co- 
factor for the conversion of L-gulonic acid to L-xylulose (2, 10). 
As can be seen from Reaction 1 of the postulated mechanism, 
at least two steps are required: (a) a DPN-linked oxidation of the 
substrate and (6) a decarboxylation of the intermediate so 
formed. Attention was directed to the first reaction which was 
followed by determining the rate of DPNH formation at 340 mu. 

Upon incubation of L-gulonie acid-1-C™ with DPN and the 
partially purified enzyme preparation, it was found that essen- 
tially equivalent amounts of C“O, and L-xylulose were formed 
although these products accounted for only 15 to 25 per cent of 
the total amount of DPN reduced (Table II). 

Since L-gulonic acid is known to give rise to L-ascorbie acid in 
liver preparations (11, 12), it became imperative to determine 
whether, and to what extent, vitamin C was synthesized by the 
purified kidney enzyme. Ascorbic acid determinations, both 
by the colorimetric procedure of Roe and Kuether (13) and by 
the more sensitive carrier dilution technique (1), indicated that a 
small amount of ascorbic acid was formed. In no case, however, 


did the ascorbic acid content account for more than 10 per cent 
of the total amount of the reaction, as measured by the forma- 
tion of DPNH. Evidence for the absence of dehydroascorbic 
and 2,3-diketogulonic acid was obtained by the finding that the 
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Fic. 1. Assay method for L-gulonic acid (DPN) dehydrogenase. 
The test solution contained 5 umoles of L-gulonic acid, 1 umole 
of cysteine, 0.5 umole of DPN, and 20 umoles of phosphate buffer, 
pH 8.5, in a total volume of 1 ml. Dehydrogenase additions 
were as indicated in the figure. Readings were made in a Beck- 
man model DU spectrophotometer with l-cm. cells. The figures 
shown above represent the average of readings for the first 5 min- 
utes after the addition of L-gulonie acid. A unit is defined as 
that amount of enzyme required to give an increase in optical 
density of 1.0 per minute under the conditions of the assay. ©O.D., 
optical density. 


TABLE [| 
Purification of t-gulonic acid (DPN) dehydrogenase 


. Units per mg. 


Fraction Total units protein Recovery 
| 
Clarified extract.............. | 1050 | 0.40 100 
Ammonium sulfate... 910 0.95 | S7 
Alumina gel Cy eluate........... 492 | 10.2 | 47 
Calcium phosphate gel superna- | | 


* For the definition of a unit see Fig. 1, legend. 


colorimetric assay, which measures L-ascorbic acid and its two 
oxidation products, gave values identical to those obtained by 
the carrier dilution method which is specific for the reduced form 
of L-ascorbic acid. 

The possibility that ascorbic acid had been formed in larger 
amounts and subsequently metabolized was also considered. In 
order to check this, 0.10 umole of L-ascorbic acid-1-C™ was inecu- 
bated with the enzyme preparation in the presence of nonradio- 
active L-gulonic acid under conditions given in Table II. At the 
end of the reaction, essentially all of the labeled ascorbic acid 
was recovered intact as the reduced form. Consequently, it 
was possible to conclude that the further metabolism of ascorbic 
acid did not contribute appreciably to the over-all stoichiometry 
of the reaction. 

At this point, the observation was made that when L-ascorbic 
acid carrier (100 mg.) was added at the end of the incubation 
period and the 2,4-dinitrophenylosazone prepared directly with- 
out previous resolution on the ion exchange column (7), con- 
siderably more C™ was incorporated into this derivative than 
would be expected from the ascorbic acid determined either 
colorimetrically or by the specific carrier dilution procedure. 
Since both dehydroascorbic and 2,3-diketogulonic acid were 
absent, it became apparent that a 6-carbon sugar acid, capable 
of reacting with 2,4-dinitrophenylhydrazine to form the osazone 
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TABLE II 


Comparison of DPNH, i-zxylulose and formed 
enzymatically from t-gulonic acid-1-C'4 

The reaction flask containing 5.6 yzmoles of L-gulonic acid-1-C"; 
4 upmoles of DPN; 5 uwmoles of cysteine; 30 zmoles of triethanol- 
amine buffer, pH 9.5; and 0.18 mg. of L-gulonie acid (DPN) 
dehydrogenase (0.7 unit) in a final volume of 5.0 ml. was incubated 
for 20 minutes at 37°. The CO, was collected and counted as 
BaCO,; (6). The L-xylulose was determined colorimetrically by a 
modification of the Dische cysteine-carbazole reaction (14). 


| 
Experiment No. | DPNH w-Xylulose | 
| pmoles | pmoles | umoles 
1 | 16 
2 


* Per cent recovery is defined as the ratio of the reaction prod- 
ucts to the quantity of DPNH formed, the latter being taken as 
the total amount of the reaction. 


TaBLeE III 


4-Aminoantipyrine-induced decarbozylation of keto 
hezonic acid reaction product 


The incubation mixture was prepared as described in Table II, 
except that triethanolamine was replaced by phosphate buffer, 
pH 8.5, and the protein content of the purified dehydrogenase 
reduced to 54 ug. The reaction was stopped by the addition of 
0.1 M acetic acid to pH 4.2. To 5.0 ml. of the reaction mixture 
were added 2.5 ml. of 0.5 m acetate buffer, pH 4.5, and 0.5 ml. of 
1 mM 4-aminoantipyrine. In each case, a control containing 0.5 
ml. of water in place of the 4-aminoantipyrine was run. The 
decarboxylation reaction was allowed to proceed for 30 minutes 
at 37° and the appropriate assays carried out as described in the 


text. 


Experiment No.| | At-Xylulose AOsazone derivative 

j 
pmoles pmoles pmoles 
j 

3 +0.087 {| | —0.08 

4 +0.083 +(0).08 | —0.093 

TaBLe IV 


Recovery of reaction products 


DPNH t-Xylulose | d | L-Ascorbic acid Per cent 
| pmoles | pmoles | pmoles | pmoles | 
6 100 | 0.41 | Q.31* 0 .O82T | 80 
7 0.96 0.16 | 0.27% 0.10t | 56 


* Measured as the increment of L-xylulose or CO. formed 
chemically upon treatment of the acidified incubation mixture 
with 4-aminoantipyrine. 

+ Determined by the carrier dilution assay procedure (7). 

~ Measured colorimetrically by the method of Roe and Kuether 
(13). 


of ascorbic acid, had been formed in the course of the reaction. 
Control experiments with a boiled enzyme, or those in which the 
t-gulonic acid-1-C'* was added after the reaction had been 
stopped with trichloroacetic acid, were completely negative. 
From a consideration of the nature of the dehydrogenase ac- 
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tivity being examined as well as the properties of a compound 
required to yield the same osazone as ascorbic acid, only 2-keto-t- 
gulonic or 3-keto-L-gulonic acid appeared to satisfy these condi- 
tions. Upon incubation of uniformly labeled 2-keto-L-gulonie 
acid with the enzyme in the presence of carrier ascorbic acid, a 
negligible amount of radioactivity appeared in the osazone de- 
rivative. Consequently, this compound was eliminated from 
further consideration. 

The alternate possibility that 3-keto-L-gulonic acid was in- 
volved in this reaction had to be approached indirectly, since 
this compound is not available and, to our knowledge, has not 
been synthesized. However, agents which specifically cause the 
nonenzymatic decarboxylation of 8-keto acids are known and 
one such compound, 4-aminoantipyrine, has been widely used 
for this purpose (15). 

Table III summarizes the data resulting from the 4-amino- 
antipyrine-catalyzed decarboxylation of the reaction product 
formed from t-gulonic acid-1-C™ by the purified kidney enzyme. 
The figures given represent the increment differences between 
the 4-aminoantipyrine treatment and the untreated samples. 
It is clear that the chemical decarboxylation induced by this 
reagent produced essentially stoichiometric amounts of C0, 
and t-xylulose. Furthermore, the decrease in the labeled osa- 
zone, when prepared directly on the reaction mixture, exactly 
paralleled the increase in the ketopentose and the CO2. Control 
experiments showed 2,3-diketogulonic acid to be appreciably 
decarboxylated by this catalyst although no ketopentose was 
found. In addition, ascorbic acid, dehydroascorbie acid, and 
2-keto-L-gulonic acid appeared inert under these conditions. 
These data are in accord with and lend support to the concept 
that 3-keto-L-gulonic acid, either in a free or bound form, is an 
intermediate in the biosynthesis of L-xylulose. 

A summary of the recovery of the reaction products as com- 
pared to the amount of DPNH formed, which is arbitrarily taken 
as a measure of the total reaction, is shown in Table [V. It can 
be seen that approximately 60 to 80 per cent of the over-all re- 
action can now be accounted for. However, it should be noted 
that these figures can be taken only as an approximation since, 
in the absence of known 3-keto-1-gulonic acid, it is not possible 


to estimate the completeness of the 4-aminoantipyrine decarbox- © 


ylation reaction. 

A further complicating factor for the interpretation of the re- 
covery data resulted from a study of the effect of acid hydrolysis 
on the enzymatic reaction products, undertaken in an attempt 
to demonstrate the formation of ascorbic acid from 3-keto-.- 
gulonic acid. When the crude reaction mixture was acidified 
with HCl to a final concentration of 0.5 N and heated at 60° for 
2 hours, an additional 0.2 wmole of ascorbic acid was found, as 
measured colorimetrically (13). However, surprisingly enough, 
under these conditions 3-keto-L-gulonic acid appeared stable and 
was completely recovered at the end of the heating period. The 
nature of the material serving as a precursor for the ascorbic 
acid liberated by acid hydrolysis is unknown and is being further 
investigated. 

DISCUSSION 

It is now clear from the experiments in vivo of Touster et al. 
(16), Burns (17), and Burns et al. (18) that L-gulonic acid (or the 
lactone) arising from p-glucuronolactone is converted to L-xylu- 


lose. Further documentation of this reaction sequence, based 
on work in vitro (2, 10, 19), has revealed that both TPN and 
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DPN are required cofactors for this interconversion according 
to the following formulation: 


TPNH DPN 


L-gulonie acid 


L-xylulose + CO, 


p-glucuronic acid 


(2) 


Upon inspection of the above reaction, it can be seen that both 
enzymes acting upon L-gulonic acid may properly be regarded 
as dehydrogenases in accordance with the usual conventions re- 
garding enzyme nomenclature. Consequently, the name L- 
gulonic acid (DPN) dehydrogenase has been used in this report 
to describe the second enzyme in this series, and it is suggested 
that the corresponding terminology of L-gulonic (TPN) dehydro- 
genase is more appropriate and informative for the first enzyme 
than the less specific term “glucuronic reductase.” 

It is clearly evident that the data reported in this paper do 
not constitute proof for the role of 3-keto-L-gulonic acid as an 
intermediate in the formation of L-xylulose from L-gulonic acid. 
However, they do provide the first direct experimental evidence 
for the formation of a compound having the properties of a 
B-keto-1-gulonic acid in a system which is actively synthesizing 
t-xvlulose. The significance of the observation that a small 
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amount of ascorbic acid is also found in this system is not clear. 
However, the liberation of ascorbic acid from the reaction mix- 
ture by acid hydrolysis, under conditions in which 3-keto-1- 
gulonic acid is stable, is at least suggestive that L-ascorbic acid 
and L-xylulose may not share the same biosynthetic route from 
L-gulonic acid (19). Current work in this laboratory has re- 
vealed significant differences in L-gulonic acid metabolism in an 
enzyme system from rat liver and is reported elsewhere (20). 
Definitive evidence, however, for the exact role of 3-keto-.L- 
gulonic acid in these reactions must await the availability of the 
pure compound for substrate studies. 


SUMMARY 


The enzyme, t-gulonic acid (diphosphopyridine nucleotide) 
dehydrogenase which catalyzes the formation of L-xylulose from 
t-gulonic acid has been purified about 35-fold from hog kidneys 
and a study of its properties undertaken. Analysis of the reac- 
tion products resulting from the action of the purified enzyme 
on t-gulonic acid-1-C' and diphosphopyridine nucleotide has 
revealed the formation of a compound having the properties of 
3-keto-L-gulonic acid. These data provide experimental evi- 
dence in support of the hypothesis that 3-keto-L-gulonic acid is 
an intermediate in the biosynthesis of L-xylulose. 
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Glucocorticosteroids and Transaminase Activity 


I. INCREASED ACTIVITY OF GLUTAMIC-PYRUVIC TRANSAMINASE IN 
FOUR CONDITIONS ASSOCIATED WITH GLUCONEOGENESIS* 
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The gluconeogenic action of glucocorticosteroids and the 
negative nitrogen balance induced by this class of hormones 
point to the involvement of these agents at some biochemical 
site concerned with the conversion of protein to carbohydrate 
(1). Increased transaminase activity would be expected to 
alter the rate at which precursors of protein are interchanged 
with carbohydrate intermediates. Recently, an effect of corti- 
sone on the activities of certain transaminases has been ob- 
served. 

Gavosto et al. (2) noted that in rats given cortisone by in- 
jection (120 mg. per kg. daily for 3 days) glutamic-oxaloacetic 
transaminase activity in liver was increased by 67 per cent, 
and glutamic-pyruvic transaminase activity, by 81 per cent. 
In other studies by Beaton et al. (3), daily treatment of rats with 
cortisone did not affect the glutamic-oxaloacetic transaminase 
level in liver but doubled the activity of glutamic-pyruvic 
transaminase. In an independent study (4) we reported that 
a 5-fold increase in glutamic-pyruvic transaminase activity oc- 
curred in the livers of rats treated with hydrocortisone; the 
values for glutamic-oxaloacetic transaminase in the same livers 
were only slightly higher than those of the untreated control 
animals. This unusual specificity as well as the fact that the 
substrates of glutamic-pyruvic transaminase have high gluco- 
neogenic potency led to a more detailed study of the significance 
of the changes in the activity of this transaminase. 

In the present study the activity of glutamic-pyruvic trans- 
aminase in liver was measured in four conditions known to be 
associated with enhanced gluconeogenic activity. It was found 
that in addition to the marked rise in the activity of this enzyme 
noted after hydrocortisone treatment, 5- to 7-fold increases in 
liver glutamic-pyruvic transaminase activity occurred in fasted 
and diabetic animals and in rats fed high protein rations (5), 
a finding substantiating the interpretation that the activity of 
this transaminase may be rate-limiting in the conversion of 
protein to carbohydrate. 


EXPERIMENTAL 


Male albino rats (Holtzman), which weighed from 75 to 150 
gm., were used in all experiments. The animals were main- 
tained on Purina mouse chow and water ad libitum. In the 
studies relating dietary protein to GP-transaminase’ activity, 


* This investigation was supported, in part, by a research 
grant (CY-2857) from the National Cancer Institute, United 
States Public Health Service. 

1The abbreviations used are: GQO-transaminase, glutamic- 
oxaloacetic transaminase; GP-transaminase, glutamic-pyruvic 
transaminase; DOCA, desoxycorticosterone acetate. 


variations in the protein content of a purified diet were made 
at the expense of the sucrose. This ration contained 0 to 75 
per cent of casein, 18 to 91 per cent of sucrose, 4 per cent each 
of salt mixture (6) and Mazola oil, 0.5 per cent of cod liver oil, 
and 0.2 per cent of choline chloride. Added to this ration per 
100 gm. were 1 mg. each of thiamine hydrochloride, riboflavin, 
and pyridoxine hydrochloride, 4 mg. of niacin, 6 mg. of calcium 
pantothenate, 15 mg. of inositol, 20 mg. of p-aminobenzoic 
acid, and 20 wg. each of biotin and folic acid. 

Injectable commercial preparations of cortisone acetate, 
hydrocortisone, and desoxycorticosterone acetate were used. 
Tablets of 4-pregnadiene-17a ,21-diol-3,11,20-trione (Pred- 
nisone) were powdered and suspended in 0.5 per cent carboxy- 
methyl-cellulose. All compounds were administered daily by 
subcutaneous injection. | 

Assay Procedure—The animals were killed by exsanguination 
after being stunned by a blow on the head. The liver was com- 
pletely removed and placed immediately on ice. The whole 
liver was homogenized in a Waring Blendor with 19 volumes of 
ice-cold distilled water. Both transaminase enzymes were 
found to be stable at —20° in the homogenates diluted 1 to 20; 
however, to obtain representative sampling, it was necessary to 
rehomogenize the frozen preparations before analysis. Analyses 
were carried out on individual samples from each of five animals 
per group. 

Protein was measured by means of the Folin phenol reagent 
with the use of a modified method described by Lowry et al. 
(7). GO-transaminase activity was determined by a fluoro- 
metric method (8). The colorimetric procedure of Nelson (9) 
was used for blood glucose. GP-transaminase activity was 
measured by an unpublished procedure of Lowry et al.? which 
is similar in principle to that described by Wroblewski and LaDue 
(10) except that instead of measuring spectrophotometrically 
the disappearance of DPNH, the DPN formed is measured 
fluorometrically (11). The buffer-substrate reagent, prepared 
from individual stock solutions, contained the following ingredi- 
ents per ml.: 86 wmoles of 2-amino-2-methyl-1 ,3-propanediol 
buffer (Eastman Organic Chemicals), pH 8.9; 81 mmoles of 
L-alanine (adjusted to a pH of 7 to 8); 9.7 umoles of a-keto- 
glutaric acid (adjusted to pH of 7 to 8); 1.6 wmoles of DPNH; 
19.5 wmoles of nicotinamide; 5 ul. of 10 per cent bovine plasma 
albumin; and 4 ul. of lactic acid dehydrogenase (Sigma) the 
activity of 1 ml. of undiluted enzyme being 58.4 mmoles per 
hour. It was unnecessary to add pyridoxal phosphate to the | 
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assay system, since the activity of the enzyme was not altered 
by the addition of the cofactor. To obtain tissue blanks, a 
buffer-substrate reagent similar in composition, except that 
water replaced alanine, was incubated with 2 yl. of the dilution 
of each liver sample. Incubations were carried out for 30 
minutes at 38° with 50-ul. volumes of reagent and 2 ul. of homog- 
enate containing 20 ug. of fresh liver from the untreated control 
animals or 7 ug. of liver expected to have increased GP-trans- 
aminase activity. 

A modification of the colorimetric transaminase determina- 
tion described by Tonhazy et al. (12) gave values comparable to 
those obtained with the fluorometric method (Table I). The 
colorimetric method was adapted as follows. Reagent A con- 
tained 12 ml. of 0.17 mM 2-amino-2-methyl-1 ,3-propanediol 
buffer, pH 8.9; 2.5 ml. of 0.5 m L-alanine; 1.5 ml. of 0.1 M a-keto- 
glutaric acid; and 75 wl. of 10 per cent bovine plasma albumin; 
Reagent B for the blank was prepared similarly except that 
alanine was replaced with water. To 0.5 ml. of Reagent A or 
B, 15 wl. of tissue homogenate (1 to 40 dilution for normal rat 
liver, 1 to 200 dilution for livers of hydrocortisone-treated 
animals) were added. All samples, standards, and blanks were 
incubated for 30 minutes at 38°. The reaction was stopped by 
the addition of 0.05 ml. of 100 per cent trichloroacetic acid to 
each tube. The color was developed with 0.5 ml. of 0.1 per 
cent 2,4-dinitrophenylhydrazine in 2 N HCl at 38° for 5 minutes 
and extracted with 1.0 ml. of water-saturated toluene. To 
0.6 ml. of the toluene layer, 3 ml. of alcoholic potassium hy- 
droxide were added. The color was read in a Beckman DU 
spectrophotometer at 530 mu. The amount of pyruvate formed 
was determined from a standard curve obtained with 2- to 15-yl. 
aliquots of a 0.1 M pyruvate stock solution. 


RESULTS 


GP-transaminase Response to Hydrocortisone and Other Corti- 
costerouds—The magnitude of the GP-transaminase response 
which occurs in the livers of rats treated with hydrocortisone, 
Prednisone, and cortisone acetate for 1 week is shown by the 
results given in Table II. A direct relationship between the 
GP-transaminase response and the dose of hydrocortisone was 
observed (Fig. 1). 

DOCA lowered the activity of GP-transaminase in liver to 
50 per cent of the normal value (Fig. 2). However, when DOCA 
was administered, by injection, in large amounts (5 mg.) and 
in combination with hydrocortisone (1 mg.) for 7 days, it did 
not inhibit the stimulating effect of hydrocortisone on this 
enzyme. The specific effect of glucocorticosteroids on this 
transaminase in contrast to DOCA and other steroids tested 
(13) indicates that a method of assay for this class of steroids 
based on changes in the activity of the enzyme may be feasible. 

Effect of Dietary Protein on GP-transaminase Activity—Feed- 
ing high protein diets alone increased the GP-transaminase 
levels. In relation to a control group maintained for 1 week 
on a purified diet lacking protein, groups fed diets containing 
18, 35, 50, or 75 per cent casein showed 1.8-, 2.4-, 4.1-, or 7.5- 
fold increases, respectively, in GP-transaminase activity based 
on the protein content of liver (Fig. 3). In contrast, the activity 


of GO-transaminase was only slightly altered (20 per cent in- 
crease) by feeding a 75 per cent protein diet for 1 week. Liver 
protein was related directly to the protein content of the ration 
and varied from 11.9 per cent in animals on the protein-free 
diet to 18.4 per cent in animals receiving the diet containing 
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TABLE I 


Comparison of two chemical methods for measurement of 
glutamic-pyruvic transaminase activity* 


Animal No. Fluorometric Method Colorimetric method 
mmoles substrate utilized/hr./gm. liver, wet weight 
Control 
1 3.33 3.35 
2 2.92 2.77 
3 3.31 3.28 
4 2.82 2.83 
5 3.65 3.33 
3.21 + 0.34f 3.11 + 0.29F 
Hydrocortisone (5 
mg./day for 7 
days) 
6 10.20 10.84 
7 11.37 11.70 
8 11.39 11.20 
9 11.90 12.03 
10 11.68 11.66 
11.91 + 0.36f 11.49 + 0.38f 


* Hypophysectomized rats were used in this study; the normal 
values for hepatic GP-transaminase in these rats Were 2 to3 times 
higher than the activity routinely obtained in the intact animal. 

t Average + the standard deviation. 


TABLeE II 


Effect of several steroids on activity of 
glutamic-pyruvic transaminase 


GP-transaminase activity 


Treatment® Dose mmoles of substrate utilized per hour at 38°t 
a! per gm. liver total liver per —S 
Hydrocorti- | 0 1.09 + 0.23) 6.68 + 1.77; 7.88 + 1.86 
sone 2.5 8.96 + 0.57 41.5 + 2.93) 55.7 + 2.3 
Prednisone 0 0.96 + 0.18 5.3 +4 1.74 5.50 + 0.85 
2.5; 10.1 + 0.95 65.2 + 16.1 | 68.0 + 5.7 
Cortisone 0 0.96 + 0.18 5.3 + 1.74 5.50 + 0.85 
acetate 5.0 | 11.3 + 0.87 68.2 + 3.83) 74.0 + 4.0 


* Compounds were administered by subcutaneous injection for 
1 week. 
+t Standard deviation is given for each value. 


75 per cent casein. At all levels of protein intake, the activity 
of GP-transaminase per gm. of liver was considerably higher 
than the activity calculated on the basis of liver protein. 

A response to hydrocortisone was obtained in animals main- 
tained on a diet devoid of protein; administration of 2.5 mg. of 
hydrocortisone daily for 1 week caused an 8-fold increase in 
GP-transaminase activity. 

Studies were carried out to determine whether the effect of 
dietary protein on transaminase activity in the intact animals 
was mediated by stimulation of the adrenal glands, or whether 
protein per se was primarily involved in this metabolic adapta- 
tion. Significant increases in enzyme activity occurred in 
adrenalectomized rats maintained on different levels of dietary 
protein (Table III). It should be noted, however, that in the 
adrenalectomized animal, the maximal response with 75 per 
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mMOLES OF SUBSTRATE 
/ GRAM PROTEIN / HOUR 


03 0507 10 20 30 10 
MILLIGRAMS OF HYDROCORTISONE 

Fic. 1. Response of glutamic-pyruvic transaminase in relation 
to hydrocortisone dosage. The dose indicated was administered 
daily for 4 days; each point represents the average of individual 
assays on five animals per group. 


mMOLES OF SUBSTRATE 
/GRAM PROTEIN /HOUR 


DOCA 


CONTROL HC HC*DOCA 

Fig. 2. Effect of hydrocortisone (HC) and desoxycorticosterone 
(DOCA) on the glutamic-pyruvic transaminase activity of rat 
liver. HC (1.0 mg. per rat per day) and DOCA (5.0 mg. per rat 
per day) were given by subcutaneous injection for 7 days. The 
vertical line on each bar represents the standard deviation; five 
animals were used in each group. 


RELATIVE INCREASE IN GPT -ACTIVITY 


75 


50 


18 35 
PER CENT PROTEIN IN DIET 


Fic. 3. The effect of protein content of the diet on the activity 
of glutamic-pyruvic transaminase (GPT). * Base values: ex- 
pressed as millimoles of substrate utilized per hour. 


cent protein was only about two-thirds of the activity observed 
in the intact rats fed the same diet. When hydrocortisone was 
administered to adrenalectomized rats which were fed different 
levels of protein, a significant but less than maximal increase 
in GP-transaminase activity was observed with the 0 and 25 
per cent protein diets, whereas with the 50 and 75 per cent pro- 
tein diets, a maximal response to hydrocortisone was obtained. 
Thus, the maximal GP-transaminase response in the liver of 
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TABLE III 


Effect of dietary protein and hydrocortisone on hepatic transaminase 
activity in adrenalectomized rats 


GP-transaminase activityt 


Protein in diet* 


Untreated Hydrocortisone (2.5 mg/day) 
% mmoles substrate/gm. protein/hr. ee 
0 3.04 + 0.82 31.9 + 8.5 
25 4.99+ 1.2 32.2 + 8.4 
50 11.6 24 1.5 51.4 + 8.8 
75 23.9 + lil 63.5 + 10 
* The period of the experiment was seven days. 
Tt Standard deviation is given for each value. 
80" wwsutin 
GPT ACTIVITY (0.5 /DAY) L600 
SUGAR 
mMOLES 40- -400 G 
OF SUBSTRATE mg. % 
UTILIZED /GM. 20 - 200 
PROTEIN/HR. 


INDIVIDUAL RATS 

Fic. 4. Glutamic-pyruvic transaminase (GPT) activity in the 
liver of diabetic rats. <A single injection of alloxan (175 mg. per 
kg.) was given intraperitoneally. The animals were killed and 
the livers were analyzed on the 7th day. 
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TIMF IN DAYS 
Fic. 5. The effect of fasting on the activity of glutamic-pyruvic 
transaminase of rat liver. The vertical lines through each point 
represent the standard deviation. 


adrenalectomized rats appears to be attributable to an additive 
effect of both dietary protein and the administration of hydro- 
cortisone. 

Effect of Diabetes on GP-transaminase Activity—If gluconeo- 
genesis involves an increase in this transaminase, one might 
expect to find high activities for this enzyme in the livers of 
diabetic or fasted animals. The level of this transaminase in 
the liver of alloxan-diabetic rats is shown in Fig. 4. The dia- 
betic state of the rats was demonstrated by the high blood 
glucose values obtained on the day the animals were killed. 


In each animal with uncontrolled diabetes, there was a marked — 


rise in liver GP-transaminase activity after 1 week. Consider- 
able variation in the vigor of the severely diabetic animals 
seemed to be associated with different ratios of blood sugar to 
GP-transaminase activity. When the diabetes was controlled 


by the administration of 0.5 unit of insulin daily, the blood, . 


glucose values were kept within the normal range, and the 
activity of GP-transaminase was maintained at the level ob- 
served for untreated nondiabetic rats. In a similar experiment, 
the activity of GO-transaminase in the liver of rats with un- 
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controlled diabetes was in the same range as that of the non- 
diabetic control animals. 

Effect of Fasting on GP-transaminase Activity—When food 
was Withheld from rats for a period of 5 days, a pronounced 
rise in GP-transaminase activity was noted (Fig. 5). The 
values after 24 hours of fasting were not increased significantly 
above the control level in this experiment. In another study 
a 2-fold rise in activity was found when food was withheld for 
24 hours. Residual food in the stomach probably accounts for 
such variation during the Ist day. The data indicate clearly, 
however, that between the 2nd and 5th days of fasting a marked 
rise in the activity of this transaminase in liver occurred. In 


| contrast, the activity of GO-transaminase in the liver of fasted 
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rats was only slightly elevated. During a 5-day period of 
starvation, the activity of GO-transaminase was 34 per cent 
higher on the 3rd day and 54 per cent higher on the 5th day 
than the corresponding nourished control rats. 


DISCUSSION 


An enhanced rate of gluconeogenesis and negative nitrogen 
balance are major physiological effects exerted by the gluco- 
corticosteroids. The stimulation of glutamic-pyruvic trans- 
aminase activity by treatment with hydrocortisone but not by 
treatment with DOCA and the high gluconeogenic potency 
of the substrates of this enzyme (glutamate, alanine, and pyru- 
vate) suggested that “‘the control of hepatic levels of glutamic- 
pyruvic transaminase by glucocorticosteroids is importantly 
related to the mechanism whereby these compounds exert their 
gluconeogenic activity” (4). In this investigation hepatic 
GP-transaminase activity was studied in conditions known to 
increase the rate of gluconeogenesis. In each of the conditions 
of high protein intake, diabetes, and fasting, the glutamic- 
pyruvic transaminase activity in liver was greatly increased, 
whereas in contrast the activity of GO-transaminase was only 
slightly altered. These observations, as well as the response of 
GP-transaminase to hydrocortisone, support the interpretation 
that this enzyme is rate-limiting in gluconeogenesis. 

The marked rise in hepatic GP-transaminase activity noted 
in four conditions, each associated with enhanced gluconeo- 
genesis, strongly suggests the involvement of new enzyme syn- 
thesis rather than an activation of the enzyme by combination 
with the steroid. The parallel results obtained under these 
different conditions would appear to rule out the release of 
inhibitors or activators in liver which might affect the assay. 
It is not possible at this time to say whether hydrocortisone 
stimulates GP-transaminase activity by directly inducing syn- 
thesis of enzyme protein, or whether the increase in enzyme 
activity follows an initial effect of hydrocortisone at a different 
site. Conditions which stimulate gluconeogenesis may initially 
influence amino acid transport or some aspect of protein syn- 
thesis or nucleic acid metabolism which would increase the 
metabolic pools of amino acids resulting in substrate-induced 
GP-transaminase synthesis. The fact that four different con- 
ditions stimulate glutamic-pyruvic transaminase in liver to an 
equal extent supports the hypothesis that new enzyme synthesis 
follows some common effect of these treatments, each of which 
involves a metabolic response to stress. 

Significant increases in the activity of GP-transaminase in 
the liver of the adrenalectomized rats, as well as in normal ani- 
mals, maintained on high protein rations have been observed. 
Thus, the initiation of new enzyme synthesis by dietary protein 
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is not mediated exclusively by stimulation of the adrenal glands. 
Attempts to induce the synthesis of increased amounts of GP- 
transaminase by intraperitoneal injections of the substrates of 
this enzyme have been unsuccessful so far. These observations 
are in contrast to the substrate-induced formation of tryptophan 
peroxidase and its induction by other amino acids (histidine 
and tyrosine) mediated by the adrenal glands as a result of 
stress (14). 

An initial physiological response to treatment with gluco- 
corticosteroids involves a rapid increase in the availability of 
glucose which can result in measurable glycogen deposition 
within several hours. A secondary response to prolonged hydro- 
cortisone administration or stress results in utilization of tissue 
protein that can progress to a state of negative nitrogen balance. 
The maximal response of GP-transaminase to hydrocortisone 
treatment occurs after several days (4), and such changes can 
be associated with the utilization of tissue protein. In these 
studies maximal GP-transaminase response occurred with 
amounts of hydrocortisone which did not cause loss of body 
weight. It is of interest that subjects receiving hydrocortisone 
and patients with Cushing’s syndrome were found to have 
elevated blood levels of pyruvic acid and lactic acid (15-18). 

A 5-fold increase in the activity of glutamic-pyruvic trans- 
aminase represents the capacity of a liver weighing 10 gm. to 
metabolize 35 gm. of alanine in 8 hours. Although the amount 
of substrate metabolized in vivo is clearly less than such cal- 
culated capacity, it serves to emphasize that a very small in- 
crease in the activity of GP-transaminase could account for the 
rise in glycogen from 20 to 150 mg./10 gm. of liver observed in 
the bioassay for glucocorticosteroids. In several experiments 
significant increases in the GP-transaminase enzyme in liver 
were observed 12 hours after injection of hydrocortisone; whereas 
the values before this time varied considerably. Further study 
is necessary to substantiate any correlation between altered 
GP-transaminase activity and the glycogen deposition which 
occurs within the 8-hour period of the bioassay (19). In addi- 
tion, studies correlating the increased GP-transaminase activity 
to the long term therapeutic effects exerted by the glucocorti- 
costeroids may be of greater significance. 

It is a reasonable assumption that the effective regulation of 
metabolism must involve relatively few rate-limiting reactions. 
Treatment with glucocorticosteroids increases the activity of a 
number of enzymes such as dipeptidase (20), glucose 6-phos- 
phatase (21), proline oxidase (22), tryptophan perixodase (23, 
24) and picolinic carboxylase (25). With the exception of the 
latter enzyme, for which a substrate in vivo is unknown, the 
changes in each case are much smaller than the several-fold 
increase noted with pyruvic transaminase after such treatment. 
Furthermore, with the exception of glucose 6-phosphatase, it is 
difficult to relate these enzymatic changes to the physiological 
effects produced by this class of hormones. GP-transaminase 
seems to occupy a key position in the metabolic interrelation- 
ships involving gluconeogenesis and in intermediary protein 
and carbohydrate metabolism. In the closely integrated sys- 
tems in which pyruvic acid is a pivotal intermediate the in- 
creased availability of this substrate can be associated with 
multiple effects concerned directly via the Krebs’ cycle with 
energy production as well as with the increased availability of 
glucose for energy or glycogen synthesis. Sayers (26) has 
expressed the opinion that a single energy-yielding biochemical 
reaction may underlie the diverse physiological responses elicited 
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by the glucocorticosteroids. Since thymus gland and Walker 
carcinoma 256,° as well as liver, show increased GP-transaminase 
activity after hydrocortisone treatment, it becomes important 
to extend this correlation and to define the role of this trans- 
aminase in the metabolic responses to glucocorticosteroids. 


SUMMARY 


1. Rats treated with hydrocortisone, cortisone, or Prednisone 
daily for 1 week showed marked increases (6- to 13-fold) in liver 
glutamic-pyruvic transaminase activity, calculated per gm. of 
liver, per gm. of liver protein, or on the basis of the total weight 
of the liver. 

2. The glutamic-pyruvic transaminase activity of liver was 
found to be directly related to the protein content of the ration. 
The specific activity of the enzyme in the liver of rats fed diets 
supplying 50 or 75 per cent protein was increased 4- and 7-fold, 
respectively, in comparison to control animals on a ration lack- 
ing in protein. Smaller but highly significant increases in this 
transaminase were observed when diets containing less than 
50 per cent protein were fed. The effect of dietary protein on 
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the activity of this enzyme was demonstrated in adrenalec- 
tomized rats. 

3. In alloxan-diabetic rats, the activity of this enzyme was 
increased to a level equivalent to that observed in other experi- 
ments with hydrocortisone treatment or high protein feeding. 
This effect was prevented by administration of insulin, 

4. A pronounced rise in the level of glutamic-pyruvic trans- 
aminase of rat liver occurred when food was withheld. After 
48 hours there was a 2-fold increase, whereas a 5-fold increase 
occurred after 120 hours of fasting. 

5. Glutamic-pyruvic transaminase activity in liver was 5 to 
7 times higher than normal in rats which were fasted, fed high 
protein diets, or made diabetic by treatment with alloxan. In 
contrast, glutamic-oxaloacetic transaminase was only slightly 
altered under these conditions. The significance of an increase 
in glutamic-pyruvic transaminase activity is discussed in rela- 
tion to this metabolic response to stress. 
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Domagk and Horecker (1) have recently demonstrated that 
Lactobacillus plantarum can be adapted to the fermentation of 
2-deoxyribose. The products of this fermentation were found 
to be one equivalent each of acetaldehyde and lactic acid, 
formed in amounts stoichiometric to the 2-deoxyribose utilized. 
It also was observed that cell-free extracts of the adapted or- 
ganism contained a very active deoxyribose aldolase, an enzyme 
which was first described and found to be present in cell-free 
extracts of Escherichia coli, Corynebacterium diphtheriae, and 
mouse liver by Racker (2). Since deoxyribose aldolase catalyzes 
the reversible cleavage of 2-deoxyribose 5-phosphate into C2 and 
C; fragments, the initial step in the fermentation pathway would 
seem to be an esterification of the 2-deoxyribose. It was decided 
therefore to investigate the possible phosphorylation of 2-deoxy- 
ribose by adenosine 5’-triphosphate to form 2-deoxyribose 5-phos- 
phate, and indeed, this activity was found to be present in cell- 
free extracts of 2-deoxyribose-grown L. plantarum (3). The 
enzyme responsible for the phosphorylation of 2-deoxyribose also 
was found to catalyze the phosphorylation of p-ribose to form 
p-ribose 5-phosphate. This dual specificity is similar to that 
observed by Agranoff and Brady (4) for calf liver. However, 
the enzyme from L. plantarum which possesses kinase activity 
towards both 2-deoxy-p-ribose and p-ribose has been named 
deoxyribokinase because it differs from the inducible ribokinase 
present in ribose-grown cells of L. plantarum (5) in that the 
latter enzyme does not catalyze the esterification of 2-deoxy- 
ribose. In this communication, the partial purification and 
various properties of deoxyribokinase and the isolation and char- 
acterization of 2-deoxy-p-ribose 5-phosphate will be described. 

The demonstration of the deoxyribokinase reaction (I) com- 
pletes the elucidation of the pathway of fermentation of 2- 
deoxyribose in L. plantarum. The reactions involved, as pre- 
viously suggested by Domagk and Horecker (1), are: 


HCO 
HCH HCH CH; 

| I | II Acetaldehyde 

| | 
HCOH HCOH 
2-Deoxy- 2-Deoxy-p-ribose H-COPO;7 CH; 
-rib h 

3-phosphate acid 


481 


EXPERIMENTAL 


Materials—The following substances were obtained from com- 
mercial sources: crystalline sodium ATP and DPNH (Sigma 
Chemical Company); glutathione, p-ribose, p-fructose, and p- 
xylose (Nutritional Biochemical Corporation); L-arabinose and 
p-glucose (Fisher Scientific Company); p-arabinose and N-ethyl- 
maleimide (Mann Research Laboratory); streptomycin sulfate 
(Merck and Company, Inc.); 2-deoxynucleosides and 2-deoxy- 
nucleotides (California Foundation for Biochemical Research) ; 
alcohol dehydrogenase and lactic dehydrogenase (Worthington 
Biochemical Corporation). The commercial lactic dehydro- 
genase preparation contains phosphoenolpyruvate kinase ac- 
tivity. Superbrite glass beads (Type 133), obtained from the 
Minnesota Mining and Manufacturing Corporation, were washed 
successively with 5 per cent HCl and water and dried in air prior 
to use. Commercial diphenylamine was recrystallized 2 times 
from 70 per cent ethanol. Acetaldehyde and the sodium salt of 
fructose 1 ,6-diphosphate were prepared as previously described 
(1). 

Samples of synthetic 2-deoxy-p-ribose were generously pro- 
vided by Drs. H. G. Fletcher, Jr. and H. Wood of this Institute, 
and by Dr. F. Kagan of the Upjohn Company. These were 
chromatographically homogeneous in several solvent systems. 
Authentic 2-deoxyribose 5-phosphate prepared from commercial 
2-deoxyadenylic acid was a gift of Dr. A. Weissbach of this 
Institute. Phosphoenolpyruvate and purified preparations of 
deoxyribose aldolase! were very kindly provided by Mr. W. E. 
Pricer, Jr. of this laboratory. p-Xylulose and t-ribulose were 
kindly provided by Drs. Gilbert Ashwell and B. L. Horecker, 
respectively, of this laboratory. Glycerophosphate dehydro- 
genase (6), containing a-glycerophosphate dehydrogenase, triose- 
phosphate isomerase and aldolase activities (7), and crystalline 
aldolase (8) were prepared from rabbit muscle. Myokinase was 
purified by the method of Colowick and Kalckar (9). 

Analytical—2-Deoxyribose and 2-deoxyribose 5-phosphate 
were determined by the diphenylamine method of Dische (10). 
When this method was applied to the determination of the phos- 
phate ester, the extinction value of Domagk and Horecker (1) 
was used. Pentoses and pentose phosphates were measured by 
the method of Mejbaum (11) with a 40-minute heating period. 
Ketopentoses and p-fructose were determined by the cysteine- 
carbazole color test of Dische and Borenfreund (12) as modified 


1 The author is indebted to Mr. W. E. Pricer, Jr. of this labora- 
tory for making available purified fractions (20- to 100-fold) of 
deoxyribose aldolase and for providing other data pertinent to the 
properties and assay of the deoxyribose aldolase. 
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by Ashwell and Hickman (13); the procedure of the latter workers 
was applied also to the estimation of relative amounts of p- 
ribulose and p-xylulose phosphates in mixtures. Ribose 5- 
phosphate was determined by the phloroglucinol method of 
Dische and Borenfreund (14). Phosphate was determined by 
the method of Fiske and SubbaRow (15) and protein by the 
turbidimetric method of Biicher (16). ADP was measured by 
the method of Kornberg and Pricer (17). Triose phosphate 
and fructose diphosphate were assayed spectrophotometrically 
with a-glycerophosphate dehydrogenase and DPNH (18). Acet- 
aldehyde was assayed spectrophotometrically at pH 7 with alco- 
hol dehydrogenase and DPNH (19). 

Bacterial growth was measured at 660 my in the Coleman 
Junior spectrophotometer. Adsorption measurements were per- 
formed in a Beckman model DU spectrophotometer. Paper 
chromatography of the pentose phosphates was performed with 
Whatman No. 1 filter paper and amyl acetate-glacial acetic 
acid-water (3:3:1) as the developing solvent.? 

Enzyme Assays—Deoxyribokinase activity was determined by 
either of the two following methods: 

Method 1: The disappearance of diphenylamine-reacting ma- 
terial from the incubation mixture was measured after precipita- 
tion of protein and organic phosphate esters with zinc sulfate 
and barium hydroxide (20). The assay mixture (0.20 ml.) con- 
tained 20 umoles of maleate buffer at pH 7.2, 10 umoles of MgCl, 
2 umoles of ATP, 2 uwmoles of 2-deoxy-p-ribose, and suitable 
amounts of deoxyribokinase. Incubation was at 37° for 15 
minutes. The reaction was stopped by the addition of 0.25 ml. 
of 0.3 m zine sulfate and then the phosphate esters were pre- 
cipitated by the addition of 0.50 ml. of 0.3 N barium hydroxide. 
A control was incubated without 2-deoxyribose and then after 
the zinc sulfate addition, 2-deoxyribose and barium hydroxide 
were added. Aliquots (0.10 ml.) from the supernatant fluids 
were assayed for 2-deoxyribose. A unit of enzyme was defined as 
the quantity required to yield 1 umole of the phosphate ester 
per hour at 37°. Ribokinase activity was measured by the 
disappearance of orcinol-reacting material from the zine sulfate- 
barium hydroxide-treated reaction mixture. 

Method 2: The rate of ADP formation from ATP could be 
measured only with partially purified enzyme fractions. The 
reaction mixture and incubation conditions were the same as 
used for Method 1. In each case, a control was run without 
2-deoxyribose to correct for ATPase activity. The reaction was 
stopped by the addition of 0.2 ml. of cold 0.2 n HCl; the acidified 
reaction mixtures were kept in ice until the ADP determinations 
were performed. Aliquots (0.02 ml.) were assayed for ADP.* 

Deoxyribose aldolase was assayed by a modification of the 
published procedures (1, 2).!. The assay mixture (1.0 ml.) con- 
taining 100 umoles of maleate buffer (pH 6.25), 5 umoles of the 
sodium salt of fructose 1 ,6-diphosphate, 20 umoles of acetalde- 
hyde, 20 ug. of crystalline muscle aldolase, and an appropriate 
amount of deoxyribose aldolase was incubated at 37° for 10 
minutes in a stoppered tube. The reaction was stopped by the 
addition of 2 ml. of diphenylamine reagent and the mixture 
heated to determine the amount of deoxyribose 5-phosphate 
formed. A unit was defined as the quantity of enzyme required 


2 Unpublished material of Dr. G. Ashwell of this Institute. 

* ATP catalyzed an unknown reaction utilizing DPNH. There- 
fore, its addition prior to that of the aliquot containing both ADP 
and ATP was helpful in producing a correction factor reflecting 
solely the amount of ADP in the control cuvette. 
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to yield 1 umole of deoxyribose 5-phosphate in 10 minutes under 
the test conditions. 

Growth and Adaptation of L. plantarum to 2-Deoxyribose—L, 
plantarum strain 124-2 (ATCC 8041) was grown as previously 
described (21). A transfer was made from agar stabs into 10 
ml. of broth containing 2 per cent sodium acetate -3H.O and 
0.8 per cent glucose. Cells were subcultured in this medium at 
least 5 times before they were used for the adaptation to 2- 
deoxyribose. For the adaptation, 6 ml. of a 15- to 24-hour 
glucose-grown subculture were used to inoculate 1-1. flasks con- 
taining 600 ml. of broth to which 6 gm. of sodium acetate -3H,0, 
6 ml. of 20 per cent glucose, and 3 ml. of 10 per cent 2-deoxy- 
ribose, sterilized separately, had been added.* Cells were grown 
and adapted to 2-deoxyribose in about 12 hours at 37°. Under 
these conditions 2-deoxyribose was not utilized until all of the 
glucose was depleted from the medium (1). The subsequent 
adaptation required 3 to 4 hours (Fig. 1). Immediately after 
the 2-deoxyribose in the medium was utilized, the cells were 
harvested by centrifugation at 2° at 6000 x g. The cells were 
washed once with 0.9 per cent sodium chloride and then either 
used immediately or stored at —16° as a thick paste. The 
frozen paste could be stored for at least several months with 
little loss in kinase activity. The yield of wet cells was approxi- 
mately 1.6 gm. per 600 ml. of medium. 

Cells were grown also with 0.8 per cent glucose and these were 
harvested when the optical density at 660 mu < 0.450. In the 
case of ribose-grown cells, the medium contained 1 per cent p- 
ribose and 0.1 per cent glucose as previously described (21); the 
yield after 24 hours at 37° and the usual washing procedure was 
1.2 gm. of wet cells per 600 ml. of medium. 


Purification of Deoxyribokinase 


Preparation of Cell-free Extracts—This and subsequent pro- 
cedures were performed in a cold room at 2°. Approximately 
0.4-gm. batches of packed cells were placed in a Nossal cartridge 
(22) together with 8 gm. of glass beads and 8 ml. of water. Each 
batch was shaken for three 30-second periods with cooling in ice 
between shakings. The combined extract with washings from 
10 gm. of packed cells was centrifuged in a Servall SS-1 centrifuge 
and the precipitate was discarded (crude extract, 265 ml.). 

Streptomycin-Sulfate Treatment—3.0 ml. of a 20 per cent 
streptomycin-sulfate solution was added to the crude extract 
which had been stored overnight at 0°. The precipitate was 
removed by centrifugation (streptomycin fraction, 264 ml.). 

Ammonium Sulfate and Dialysis Treatment—The streptomycin 
fraction was treated with 86 gm. of ammonium sulfate and kept 
for 40 minutes at 0°. The precipitate, if any, was removed by 
centrifugation and to the supernatant solution an additional 29 
gm. of ammonium sulfate were added. The precipitate was 
collected and dissolved in water. This ammonium sulfate 
fraction (20 ml.) was dialyzed overnight with stirring against 
3 1. of 0.002 M potassium phosphate buffer (pH 7.4) (dialyzed 
fraction, 27 ml.). 

Calcium Phosphate Gel Adsorption—In this and the next step, 
pilot tests were performed in order to determine the quantity of 


‘ These conditions were found by Mr. W. E. Pricer, Jr. of this 
laboratory to be optimal with respect to the yields of the induced 
enzymes obtained after extraction of the cells. The supplemen- 
tary sodium acetate prevented the pH of the medium from de- 
creasing below 5.5 during the fermentation of glucose and 2-de- 
oxyribose by Lactobacillus plantarum. 
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gel required for complete adsorption of the kinase activity. The 
dialyzed fraction was diluted with 125 ml. of 0.002 m potassium 
phosphate buffer (pH 7.4), and in this case, 320 ml. of calcium 
phosphate gel (23) (6 mg. per ml.) were added. The gel was 
collected by centrifugation and eluted successively with (I) 150 
ml. of 0.013 mM potassium phosphate buffer, pH 7.4, (II) 150 ml. 
followed by 100 ml. of 0.020 m potassium phosphate buffer, 
pH 7.4. Eluates I (152 ml.) and II (257 ml.) were treated with 
77 gm. and 133 gm. of ammonium sulfate, respectively. The 
precipitates (I) and (II), were collected by centrifugation and 
dissolved in 0.03 m phosphate buffer, pH 7.4 (calcium phosphate 
gel Eluate I, 18 ml.; and calcium phosphate gel Eluate II, 15.4 
ml.). 

Aluminum Hydroxide Gel Treatment—The 10 ml. of calcium 
phosphate gel Eluate I and 8 ml. of calcium phosphate gel 
Eluate II were treated with 25 ml. and 16 ml., respectively, of 
aluminum hydroxide gel Cy (24) (12.7 mg. per ml.). The gel 
was discarded and the supernatant solutions were each brought 
to 70 per cent saturation by the addition of solid ammonium 
sulfate. The precipitates were collected and dissolved in water 
(Cy Supernatant I and Cy Supernatant II, 3.7 ml.). 

The above procedure resulted in an over-all purification of 10- 
to 14-fold with a final yield of 55 per cent (Table I). The am- 
monium sulfate fraction before dialysis and the calcium phos- 
phate gel eluates were stable at —10°. The Cy gel supernatants 
slowly lost activity during storage at —10°; in 3 months they 
had lost 64 per cent of their activities with both 2-deoxyribose 
and ribose. Assay Method 2 could be used only with the gel- 
treated fraction and yielded results which agreed with those 
from Method 1. The preparations carried through the calcium 
phosphate gel adsorption step contained little or no deoxyribose 
aldolase. 

At saturating levels of substrates, the deoxyribokinase prep- 
aration was about equally active with either 2-deoxyribose or 
ribose. Although the ratio of the deoxyribokinase and _ ribo- 
kinase activities remained about constant throughout the purifi- 
cation, the over-all purification was not sufficient to justify the 
conclusion that the same enzyme was responsible for both 
activities. To further understand the origin of these two ac- 
tivities, both the deoxyribokinase and ribokinase activities were 
measured during the adaptation of L. plantarum to 2-deoxyribose 
fermentation. 


RESULTS 


Induced Enzyme Formation in Lactobacillus plantarum—The 
results from a study of enzyme formation during the fermenta- 
tion of 2-deoxyribose by L. plantarum are shown in Fig. 1. In 
Culture I, there occurred increases in the deoxyribose aldolase, 
deoxyribokinase, and ribokinase activities during the fermenta- 
tion of the 2-deoxyribose by L. plantarum which indicated their 
inducibility by deoxyribose. Extracts of cells grown on glucose 
with no 2-deoxyribose present in the medium (Culture II) were 
assayed simultaneously for these same enzyme activities. The 
increase in deoxyribose aldolase activity parallels that in deoxy- 
ribokinase activity, which initially is zero, and in ribokinase 
activity, which initially is the same as that present in glucose- 
grown cells. After the 2-deoxyribose in the medium of Culture 
I had been depleted, a parallel decrease in the three activities 
was observed. It should be noted that the deoxyribose aldolase 
in the extracts of Culture I was at least 6 times more active than 
the kinases since the units of the deoxyribose aldolase are ex- 
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Fia. 1. Increase in induced enzymes during the fermentation of 
2-deoxy-p-ribose by Lactobacillus plantarum. Culture I was 
grown in the presence of 0.2 per cent glucose and 0.05 per cent 
2-deoxyribose. Simultaneously, Culture II was grown on 0.2 per 
cent glucose alone. At various times, 200 ml. of each culture were 
harvested and washed; then cell-free extracts were prepared as 
described in the text. After 8 hours at 37°, the optical densities 
of the cultures had reached a maximal value of 0.15 at 660 mug, 
indicating that the glucose was completely utilized. The utiliza- 
tion of 2-deoxyribose by Culture I was measured by the diphenyl- 
amine color test (10); at 8, 9.5, 11.75, and 13 hours, 0, 15, 82, and 
100 per cent, respectively, of the 2-deoxyribose in the medium had 
been fermented. The crude extracts were assayed for deoxy- 
ribose aldolase (@, 0), deoxyribokinase (4, A), and ribokinase 
(@, ©) activities as described in the text (Method 1 was used 
with 2- and 4-hour incubation periods when kinase activity was 
low). The closed symbols represent the respective activities in 
cell-free extracts of Culture I; the open symbols denote these ac- 
tivities in extracts of Culture IT. 


TABLE I 
Purification of deoxyribokinase 
Total Specific activity 
units* 
Fraction with 
2-deoxy- With 2-deoxy- With 
D-ribose D-ribose D-ribose 
units/mg. units/mg. 
Crude extract........... 4820 6.2 6.5 
Streptomycin fraction...| 4750 14 13 
Dialyzed fraction. ...... 3700 16 15 
Calcium phosphate gel 
Eluates 
2160 49 (56, (52)]f | 48 [50, (55) 
1540 34 [48, (53)]f | 27 [38, (47) ]T 
Cy gel Supernatants 


* uMoles of pentose phosphorylated per hour at 37°, Method 1. 

t The bracketed values were determined after these fractions 
were stored at —10° for 3 months. The values in parentheses 
were duplicate determinations made by assay Method 2. 

t This step was performed on only part of each eluate (I and II) 
from the preceding step. The recovery was 66 and 50 per cent 
for I and II, respectively. 


pressed in such a way that 6 units of this activity are equivalent 
to only 1 unit of kinase activity. 

The constancy of the ribokinase activity in the cell-free ex- 
tracts of Culture II before and after the glucose is utilized is in 
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TABLE II 


Kinase activities in Lactobacillus plantarum 
grown on different substrates 


Deoxyribokinase from L. plantarum 


Unitst per gram wet cells 
Substrate used for cell growth* 
Activity with 2-| Activity with 

deoxy-D-ribose D-ribose 
2-Deoxy-p-ribose, 0.05%. ............. 580 395 


* After growing the organism on the substrate(s) indicated, the 
cells were harvested, washed, and broken as described in the 
text. The cell-free extracts were assayed immediately. 

t Kinase activities were measured as described (Method 1) 
with a substrate concentration in each assay of 5 X 10-3 mM instead 
of 10-2 m. 

t Assay mixtures were incubated with 510 ug. of protein for 
2- and 4-hour periods in order to measure kinase activities, if 
present. 


TaBLe III 
Substrate specificity of cell-free eztracts* 


Substrate Specific activity 
unilst/mg. 


bo 


* Extracts were prepared from 2-deoxyribose-grown Lactobacil- 
lus plantarum as described in the text. 

t+ Kinase activities were measured by Method 1 with a sub- 
strate concentration in each assay of 5 X 10-3 m instead of 10-2 M. 


agreement with the observations of Lampen and Peterjohn (5) 
that ribokinase activity is not induced by substances present in 
the normal medium (21). Thus, the increase in ribokinase 
activity in Culture I must result from an induction by the 2- 
deoxyribose present in the medium. In this regard, the 2- 
deoxyribose used for this study was tested for a possible con- 
tamination with p-ribose. No p-ribose could be detected by 
the orcinol reaction (11) and by paper chromatography em- 
ploying n-butanol-ethanol-water (5:1:4) as the developing sol- 
vent (25). By these methods a 0.5 per cent contamination 
with p-ribose would have been detected. Therefore, the data 
of Fig. 1 are strongly suggestive that only one induced kinase is 
responsible for the phosphorylation of both 2-deoxyribose and 
ribose. However, the cell-free extracts of the 2-deoxyribose- 
grown L. plantarum must contain also the residual ribokinase 
activity which is present in glucose-grown cells. 

The data of Table II illustrate that the specificity of the kinase 
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induced in L. plantarum by growth of the organism on pD-ribose 
differs from that of the kinase induced by growth of this or- 
ganism on 2-deoxyribose. Extracts of glucose-grown cells, like 
those of Fig. 1, were found to contain a small amount of ribo- 
kinase activity, but no measurable deoxyribokinase activity, 
Extracts of cells grown on p-ribose were inactive also with 2- 
deoxyribose although ribokinase activity was greatly enhanced 
over that present in glucose-grown cells. Thus, the induced 
ribokinase in ribose-grown L. plantarum is unable to phos- 
phorylate 2-deoxyribose. On the other hand, extracts of cells 
adapted to the fermentation of 2-deoxyribose contain both en- 
hanced deoxyribokinase and ribokinase activities. The simplest 
interpretation is that ribokinase and deoxyribokinase from L. 
plantarum are two distinct enzymes, with the latter showing 
considerable activity with p-ribose. 

Studies on Specificity of Deoxyribokinase—Cell-free extracts of 
L. plantarum which had been adapted to the fermentation of 
2-deoxyribose were found to catalyze the phosphorylation of 
2-deoxyribose, p-ribose, and p-xylulose by ATP. These results 
are tabulated in Table III. The activity with p-ribose, unlike 
that with p-xylulose, persisted throughout the purification 
(Table I). The calcium phosphate gel eluates were inactive 
with p-xylulose. Purified fractions of the deoxyribokinase were 
incubated separately with 2-deoxyadenosine, 2-deoxyguano- 
sine, 2-deoxycytidine, or 2-deoxyuridine under the conditions of 
assay Method 2. Although ADP was formed in the case of the 
purine derivatives, this was found to be due not toa direct phos- 
phorylation of the 2-deoxynucleoside but rather to a phosphoryla- 
tion of the free sugar released by the action of a nucleosidase 
present in the enzyme preparation. 

A partially purified deoxyribokinase preparation was heated 
to various temperatures in order to determine whether losses in 
deoxyribokinase and ribokinase activities occurred at the same 
rate (Fig. 2). Although the logarithmic inactivation curve for 
deoxyribokinase activity was linear, that for ribokinase activity 
was not. 
present which acted on ribose. As the temperature was raised, 
the curves of Fig. 2 also diverged increasingly; the unheated 
eluate had specific activities of 63 and 65 units per mg., whereas 
the fraction heated to 60° had specific activities of 3.6 and 10.7 
units per mg. with 2-deoxyribose and ribose, respectively. Ap- 
proximately 92 per cent of the capacity to phosphorylate ribose 
seemed to be associated with deoxyribokinase. The remaining 
activity toward ribose was associated with an enzyme which was 
considerably more stable to heat. 

Kinetic data treated in the manner suggested by Hofstee (26) 
also indicated that two enzymes possessing ribokinase activity 
were present in the Cy Supernatant I fraction of the deoxyribo- 
kinase. In these studies, the curves for v versus v/s were similar 
to those described by Hofstee for the case when two enzymes 
simultaneously and independently act on the same substrate, 
which in this case was p-ribose. Although these curves were 
not resolved, they did indicate that there were considerable 
differences in the affinities of the two enzymes. The induced 
kinase appeared to have an approximate K, of 10-? m with ribose, 
whereas for the residual ribokinase, A, was about 10-4 m. 


Properties of Deoxyribokinase 


Effect of pH—The rate of the phosphorylation of 2-deoxy- 
ribose was essentially constant between pH 6.7 and 7.3. 
Effect of Substrate Concentration—The reaction velocity with 


Thus it appeared that more than one enzyme was | 
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Fic. 2. The effect of temperature on deoxyribokinase and ribo- 
kinase activities. In this experiment, 0.2-ml. aliquots of the 
calcium phosphate gel Eluate I were heated for 5 minutes in a 
water bath maintained at the temperature indicated. Immedi- 
ately after the heat treatment, the aliquots were cooled in ice, 
centrifuged to remove coagulated protein, and assayed by Method 
2 for deoxyribokinase (@) and ribokinase (A) activities. Specific 
activity is the number of uzmoles of ADP formed per hour at 37° 
per mg. of protein. The ratio of the specific activity of ribokinase 
to that of deoxyribokinase was 1.03, 1.04, 1.1, 1.3, 1.4, 2.6, 2.4, and 
3.0 for the unheated 37°, 40°, 43°, 45°, 50°, 55°, and 60° fractions, 
respectively. | 


\ 


2-deoxyribose as a substrate reached a maximum at a concentra- 
tion of about 10-? m and the K, calculated from the Lineweaver- 
Burk plot (27) was 1.8 X 10-*m (Fig. 3). This enzyme appeared 
to have a higher affinity for 2-deoxy-p-ribose than for p-ribose. 

Effect of ATP and Mg*+ Concentrations (Assay Method 2)— 
The partially purified enzyme had absolute requirements for 
ATP and Mg*+ ions. Excess Mg*+ ions were inhibitory. The 
optimal ratio of Mg++ to ATP was found to be 1.5:1; the Mg++ 
to ATP ratio of 5:1 which was routinely employed for enzyme 
assay produced a 31 per cent inhibition. 

Inhibition (Assay Method 2)—No appreciable inhibition of 
the enzyme was obtained with 2 x 10-4 m N-ethylmaleimide, 
2 x 10-4 m p-chloromercuribenzoate, 2.5 « 10-? m Versene 
(ethylenediaminetetraacetate), and 8 x 10-? m potassium chlo- 
ride. Inhibition was produced by 5 x 10-? mM Mn*+ (60 per cent 
inhibition), 4 < 10-4 m p-chloromercuribenzoate, and 5 x 107? 
m Versene (22 per cent inhibition). Since 1.5 x 10-? m gluta- 
thione neither activated nor inhibited the enzyme and since only 
high concentrations of p-chloromercuribenzoate, but not of 
N-ethylmaleimide, inhibited the enzyme, deoxyribokinase does 
not appear to be a sulfhydryl enzyme. Mn++ could not replace 
the Mg++ in the kinase reaction. 

Stoichiometry of Kinase Reaction—In the presence of excess 
ATP, the reaction continued until 1 mole of ADP was formed 
for each mole of 2-deoxyribose added (Fig. 4). Similar stoichi- 
ometry was obtained with ribose. Thus, the enzyme can be 
used to assay either 2-deoxy-p-ribose or p-ribose in the absence 
of the other pentose. 


Product of Deoxyribokinase Reaction 


A deoxyribokinase preparation containing 1.2 mg. of protein 
(with specific activities of 13 units per mg. and 2 units per mg. 
for deoxyribokinase and deoxyribose aldolase, respectively) was 
incubated at 37° for 1 hour with 250 uwmoles of maleate buffer 
(pH 7.2), 200 umoles of MgCls, 40 umoles of ATP, 40 umoles of 


2-DEOXY-D-RIBOSE.M X 10°(S) 
Fic. 3. The effect of 2-deoxy-p-ribose concentration on the re- 
action velocity. Assay Method 2 was used with a 10-minute incu- 
bation period and 37 ug. of the gel Cy Supernatant I. 
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Fic. 4. Stoichiometry of ADP formation in the deoxyribokinase 
reactions. The reactions with 2-deoxy-p-ribose (@) and with 
p-ribose (A) were each performed at 37° in a total volume of 0.60 
ml. containing 4.0 umoles of pentose, 12 uzmoles of ATP, 60 umoles 
of MgCl2, 100 umoles of maleate buffer (pH 7.2), and 93 ug. of 
deoxyribokinase (Cy Supernatant 1). Aliquots (0.1 ml.) were 
removed at the intervals shown and acidified with 0.10 ml. of cold 
0.2N HCI. The ADP formed was assayed as described in the text. 


2-deoxy-p-ribose, and 10 uwmoles of acetaldehyde® (adjusted to 
pH 7) in a total volume of 1.8 ml. The reaction was stopped by 
the addition of cold 2.5 per cent perchloric acid. The nucleo- 
tides were adsorbed on charcoal and the filtrate was neutralized 
to about pH 7 with KOH. After removing the precipitated 
potassium perchlorate, a 3-fold excess of barium acetate and 4 
volumes of ethanol were added to the neutralized filtrate. This 
mixture was kept overnight at 0° following which the precipitate 
was collected, washed with ethanol, and dried in a vacuum over 
CaCl, at 2°. The control tube, incubated without ATP and 
treated by the same procedure, contained no organic phosphate 
esters. For analyses, the product was converted to the corre- 
sponding potassium salt. The yield of the phosphorylated 
derivative from this isolation procedure was about 33 per cent. 


’ The addition of acetaldehyde aided in obtaining a reaction 
product which was relatively free of organic impurities introduced 
by the residual deoxyribose aldolase reacting with the 2-deoxyri- 
bose 5-phosphate formed by the kinase action. With no acetalde- 
hyde present during the incubation, the isolated 2-deoxyribose 
5-phosphate was 80 per cent of the organic phosphate content. 
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Fig. 5. Assay for 2-deoxy-p-ribose 5-phosphate. The assay 
mixture (1.0 ml.) in a Beckman cuvette contained 50 uwmoles of 
potassium phosphate buffer (pH 7.0), 0.12 umole of DPNH, about 
0.04 umole of the 2-deoxyribose 5-phosphate to be assayed, 1.0 
mg. of a-glycerophosphate dehydrogenase, 14 ug. of purified 
DR (deoxyribose) -aldolase (cf. footnote 1) (specific activity, 500 
units per mg.), and 2 wl. of alcohol dehydrogenase. The optical 
density at 340 my was determined before and after each enzyme 
addition as indicated. In this manner, the residual triose phos- 
phate present in the isolated reaction product (Curve J) and in an 
authentic 2-deoxyribose 5-phosphate preparation (Curve IJ) was 
determined before triose phosphate was generated by deoxyribose 
aldolase action. After the addition of deoxyribose aldolase, the 
appearance of triose phosphate was followed until the deoxyribose 
aldolase reaction was over. Then, the acetaldehyde which had 
accumulated during the deoxyribose aldolase reaction was meas- 
ured by the alcohol dehydrogenase. 


The isolated reaction product had a 2-deoxyribose 5-phosphate 
content (based on the diphenylamine color test) exactly equiva- 
lent to the organic phosphate content. This phosphate ester, 
when subjected to paper chromatography using amyl acetate- 
glacial acetic acid-water (3:3:1) as the developing solvent for 
27 hours, had the same Ry as an authentic sample of 2-deoxyri- 
bose 5-phosphate. 

The reaction product also was characterized as being 2-deoxy- 
ribose 5-phosphate by the deoxyribose aldolase assay shown in 
Fig. 5. By this assay, the isolated product (Curve J) was found 
to contain about 6 per cent triose phosphate which was an im- 
purity presumably formed by deoxyribose aldolase action during 
the kinase reaction. The triose phosphate and acetaldehyde 
subsequently released by the deoxyribose aldolase in the assay 
mixture were 100 and 97 per cent, respectively, of the 2-deoxy- 
ribose 5-phosphate diphenylamine color. Curve IJ of Fig. 5 was 
obtained with 0.0403 umole of authentic 2-deoxyribose 5-phos- 
phate. - Except for the residual triose phosphate present in the 
isolated reaction product, Curves J and JJ are similar. This 
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spectrophotometric assay for 2-deoxyribose 5-phosphate which 
is based on the deoxyribose aldolase reaction has the following 
advantages. It is specific for the 2-deoxyribose esterified at 
position 5; it gives double stoichiometry when the deoxyribose 
aldolase reaction is coupled first to the triosephosphate isomerase 
and a-glycerophosphate reactions and second to the alcohol 
dehydrogenase reaction: it can be used to assay accurately very 
small quantities of 2-deoxyribose 5-phosphate. 

Using crude extracts of ribose-grown cells (a) and of 2-deoxy- 
ribose-grown cells (6), to catalyze the phosphorylation of ribose, 
the barium salts of the pentose phosphates were isolated after a 
7-minute incubation at 37° by a procedure similar to that used 
for isolating the esterified 2-deoxyribose. The ratio of organic 


phosphorus to pentose was 1.1 and 0.9 for the esters isolated | 
from the reactions catalyzed by (a) and (b), respectively. The | 


relative proportions of ribose 5-phosphate, ribulose 5-phosphate, 
and xylulose 5-phosphate could be estimated by combining the 
data from the orcinol (11), phloroglucinol (14), and cysteine- 
carbazole color reactions (12, 13). Both isolated reaction 
products contained approximately 50 per cent ribose phosphate, 
21 per cent ribulose phosphate, and 19 per cent xylulose phos- 
phate. These ratios are not consistent with known equi- 
librium values (13, 21, 28-30) and possibly reflect limiting actions 
of the phosphoriboisomerase and phosphoketopentoepimerase 
enzymes present in the crude extracts. It is of interest that 
the phosphoriboisomerase and phosphoketopentoepimerase (21) 
found in xylose-grown L. plantarum appear to be present in this 
organism when it is grown on either ribose or 2-deoxyribose. 


SUMMARY 


An enzyme which catalyzes the phosphorylation of 2-deoxy- 
ribose by adenosine 5’-triphosphate in the presence of Mg** has 
been purified about 14-fold from Lactobacillus plantarum. The 
product of this kinase reaction has been isolated and identified 
as 2-deoxyribose 5-phosphate. Deoxyribokinase was found to 


be active with either 2-deoxyribose or ribose, with a slightly | 


higher affinity for the former substrate. Evidence is presented 
for a single enzyme acting on 2-deoxyribose and ribose. Deoxy- 
ribokinase formation in L. plantarum is induced by 2-deoxyribose; 
glucose-grown or ribose-grown cells contained no detectable 
deoxyribokinase activity. The induction of deoxyribokinase 
and deoxyribose aldolase activities in L. plantarum during the 
adaptation of this organism to 2-deoxyribose occur at parallel 
rates. The fermentation pathway appears to be: 


2-deoxyribose — 2-deoxyribose 5-phosphate — acetaldehyde 


+ glyceraldehyde 3-phosphate — acetaldehyde + lactic acid | 
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Xylosyl Transfer Catalyzed by an Asparagus Extract* 
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The principle of glycosyl transfer from uridine diphosphate 
sugars to suitable acceptors mediated by enzymes from various 
sources has now become well established (1, 2). Although 
Neish (3), and Slater and Beevers (4), on the basis of theoretical 
considerations, suggested that uridine diphosphate pentoses are 
possible precursors in the synthesis of plant pentosans, no experi- 
mental evidence of an enzymatic transfer of pentosyl units to 
any acceptor has hitherto been submitted. In this communica- 
tion evidence is presented to the effect that an enzyme prepara- 
tion obtained from asparagus shoots is capable of catalyzing the 
transfer of xylosyl units from uridine diphosphate p-xylose to 
xylo-oligosaccharides. 


EXPERIMENTAL 


Substrates—UDP-glucuronic acid! labeled with C™ in the 
uronic acid moiety was prepared enzymatically from UDP-glu- 
cose labeled with C4 in the glucose moiety (2). 

UDP-pentose labeled with C™ in the pentose moiety was 
obtained by decarboxylation of UDP-glucuronic acid by an 
asparagus particulate preparation (5) and purified by electro- 
phoresis, first at pH 3.6 and then at pH 5.8. This UDP-pentose 
consisted of a mixture of 67 per cent UDP-xylose and 33 per cent 
UDP-arabinose. Treatment of the UDP-pentose with nucleo- 
tide pyrophosphatase (6), followed by electrophoretic separation 
at pH 3.6, resulted in a mixture of arabinose 1-phosphate and 
xylose 1-phosphate. 

Members of the homologous series of 6-1 ,4-linked xylo-oligo- 
saccharides of degree of polymerization ranging from 2 to 6 
were kindly given to us by Dr. R. L. Whistler, Purdue Univer- 
sity. 

Enzyme Preparation—A soluble asparagus extract was pre- 
pared by a method similar to that previously described for mung 
beans (2). Asparagus shoots (Asparagus officinalis, purchased 
from a local grocer), 100 gm., were blended with 70 ml. of 0.01 
m sodium and potassium phosphate buffer at pH 7.0. The 
homogenate obtained after filtering the slurry through cheese- 
cloth was centrifuged at 5,000 x g for 5 minutes and the precipi- 
tate discarded. The supernatant liquid was centrifuged at 
20,000 x g for 30 minutes, and the precipitate was suspended 
in 0.5 ml. of 0.1 m Tris, pH 7.0. The particulate preparation 


* This investigation was supported in part by a research grant 
(No. A-1418) from the United States Public Health Service, 
National Institutes of Health, and by a research contract with the 
United States Atomic Energy Commission. 

1The abbreviations used are: UDP-pentose, uridine diphos- 
phate pentose; UDP-arabinose, uridine diphosphate L-arabinose; 
UDP-xylose, uridine diphosphate p-xylose; UDP-glucuronie acid, 
uridine diphosphate p-glucuronic acid; UDP-glucose, uridine di- 
phosphate p-glucose; Tris, tris(hydroxymethyl)aminomethane- 
HCl. 


so obtained was vigorously shaken with an equal volume of a 1 
per cent solution of digitonin and centrifuged at 20,000 x g for 
30 minutes. When the supernatant liquid was examined, UDP- 
glucuronic acid decarboxylase (5), and xylosyl transferase activi- 
ties were found to be present. No diminution of activity of 
transferase was observed after the preparation had been kept at 
—10° for periods up to 2 weeks. This enzyme preparation con- 
tained 8 mg. of protein per ml. 

Analytical Methods—Paper electrophoresis was carried out in 
three different buffer solutions: 0.1 mM ammonium formate, pH 
3.6; 0.2 mM ammonium acetate, pH 5.8; and 0.1 m sodium tetrabo- 
rate, pH 9.2 (2). Paper chromatography of oligosaccharides 
was performed by radial development with either n-propanol- 
ethyl acetate—water, 7:1:2, or water-saturated phenol. Mono- 
saccharides were chromatographed two-dimensionally on What- 
man No. 1 paper with the use of water-saturated phenol in the 
first dimension and butanol—acetic acid—water (52:13:35) in the 
second. Sugars were detected with p-anisidine phosphate spray 
reagent (1 gm. of p-anisidine phosphate in 140 ml. of 70 per cent 
ethanol). Radioactive substances were located on paper and 
counted as previously described (2). 

All enzymatic reactions and acid hydrolyses were carried out in 
capillary tubes of 1.2 to 1.5 mm. diameter (7). 


RESULTS 


Formation of Radioactive Oligosaccharides—It was observed in 
preliminary experiments that incubation of C'*-labeled UDP- 
pentose in the presence of the soluble enzyme preparation and 
a B-1,4-linked xylo-oligosaccharide resulted in an increase in 
incorporation of the radioactivity into the neutral components 
over that found when the oligosaccharide was omitted or replaced 
by xylose. This observation was therefore followed up with 
more precise experiments. 

UDP-pentose (0.84 xX 10°? wmoles; 2.7 10‘ c.p.m.) and 
p-xylose, or UDP-pentose and a xylo-oligosaccharide (1.0 umole) 
were incubated with enzyme preparations (0.4 mg. of protein) 
in 0.065 ml. of 0.08 m Tris buffer, pH 7. After 3 hours at 37° 
the reaction mixtures were separated electrophoretically at pH 
3.6, at 35 volts per em. for 2 hours. Upon examination of the 
area on which neutral compounds appeared, it was found that 4 
per cent of the total radioactivity resided in that area of the 
mixture to which p-xylose was added, and 12 to 15 per cent in 
those mixtures to which a xylo-oligosaccharide was added. 

The neutral compounds were eluted from the electrophoreto- 
grams and subjected to circular chromatography in propanol- 
ethyl acetate-water. Free radioactive pentose was found in all 
cases. Its presence was probably the result of enzymatic hy- 
drolysis of UDP-pentose. However, wherever a xylo-oligosac- 
charide had been added, a new radioactive band appeared. 
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Identification of Radioactive Oligosaccharides—The new radio- 
active substances were eluted and identified by (a) chromato- 
graphic and electrophoretic comparison with the authentic 
B-1,4-linked xylo-oligosaccharides and (6) examination of the 
products of acid hydrolysis. 

Cochromatography and coelectrophoresis of each of the iso- 
lated radioactive compounds with the authentic member of the 
xylo-oligosaccharide homologous series containing one more 
pentose unit than the initial xylo-oligosaccharide acceptor showed 
that they were identical. Total acid hydrolysis of the radio- 
active compounds (1 N HCl at 100° for 60 minutes) yielded 
xylose as the sole radioactive product. Partial hydrolysis in 0.1 
wn HCl at 100° for 15 minutes of radioactive oligosaccharide which 
had been mixed with a xylo-oligosaccharide of, presumably, the 
same degree of polymerization, produced in each case xylose as 
well as a series of radioactive oligosaccharides of lower degree of 
polymerization. Each of these radioactive oligosaccharides 
cochromatographed with a member of the 6-1,4-linked xylo- 
oligosaccharide series formed by partial hydrolysis of the non- 
radioactive carrier. It was thus shown that reaction mixtures 
originally containing a series of xylo-oligosaccharides ranging in 
degree of polymerization from 2 to 5, when incubated with the 
enzyme, formed oligosaccharides of the same homologous series 
ranging in degree of polymerization from 3 to 6. 

Primer Requirements—In order for the transfer to take place, 
the concentration of xylo-oligosaccharide acceptor required was 
high. With xylose trisaccharide a concentration of 2 x 10°? 
was required to effect half-maximal incorporation of xylose. 
Similar concentrations of the di-, tetra- and penta-xylo-oligo- 
saccharides were found to be required for transfer of a xylosy]l 
residue from the UDP-pentose. 

In the preparations described above, about 1 xX 10°-* umole 
of xylose was transferred to the primer. Since 1 umole of primer 
was originally present, the concentration of the new oligosac- 
charide formed was about 10° times less. In view of the fact 
that the affinity of the enzyme for the acceptor was of the same 
order of magnitude for all the oligosaccharides tested, such an 
amount would be insufficient to allow the newly formed oligo- 
saccharide to successfully compete with the original acceptor. 
This explains why only one-step transfers were observed. 

Formation of Radioactive Ethanol-Soluble Substance from U DP- 
pentose-C'\—In addition to catalyzing the transfer of xylosyl 
residues to xylo-oligosaccharide acceptors, the asparagus particu- 
late preparation catalyzed the incorporation of approximately 10 
per cent of the C'* UDP-pentose radioactivity into a new radio- 
active compound. This compound was electrophoretically im- 
mobile and could not be eluted from paper with water, but was 
soluble in boiling 95 per cent ethanol. 

The ethanol-soluble radioactive material was prepared by 
incubating at 37° UDP-pentose (1.15 x 10>? umoles; 3.5 
e.p.m.), Tris buffer, pH 7 (50 wmoles), and asparagus particulate 
preparation representing 10 gm. of fresh asparagus in a total 
volume of 0.075 ml. After 1 hour the particulate material was 
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washed repeatedly by suspension in water and centrifugation 
until no radioactivity could be detected in the washings. The 
radioactive particulate material so obtained was suspended in 42 
per cent HCl] at —16° and held at 0° for 3 hours. The acid 
hydrolyzate was then concentrated to dryness in a vacuum desic- 
cator. When this material was dissolved in water and chromato- 
graphed, xylose was found to be the only radioactive product 
present. 

These findings suggest that a xylosyl transfer from UDP-xylose 
to a hydrophobic aglycone acceptor occurred. The nature of 
this aglycone is now under investigation. 


DISCUSSION 


The enzymatic transfer of one xylosyl residue from UDP- 
pentose to B-1,4-linked xylo-oligosaccharide acceptors resulted 
in the formation of members of the 1,4linked xylo-oligosac- 
charide series. Hence, the transfer must have been effected at 
the C-4 position of the terminal xylose unit of the acceptor 
molecule. Whether the bond formed is of a or 8 type has not 
been determined. 

The fact that the affinity of the transferring enzyme was essen- 
tially the same for each of the xylo-oligosaccharide acceptors 
accounts for the observed one-step reaction. Since the forma- 
tion of xylan would require a multi-step reaction, synthesis of 
this polysaccharide in vivo by this enzyme system would not be 
expected to occur. However, it is possible that xylan is synthe- 
sized by the same enzyme, but that a primer of higher molecular 
weight is required. Another possibility is that this enzyme is 
part of a system involved in the synthesis of a more complex 
polysaccharide, such as a hemicellulose, consisting of p-xylose, 
uronic acids, and monosaccharides other than p-xylose, and that 
a heterologous primer is necessary. Finally, it may well be that 
an enzyme similar to the xvlosyl transferring system which forms 
an ethanol-soluble xvloside in asparagus is responsible for the syn- 
thesis of the xylosides occurring in plants, such as digitonin, 
ruberythric acid, and tomatin. In this connection, it is of 
interest that Cardini and Yamaha (8) demonstrated the forma- 
tion of some naturally occurring glucosides by transfer of glucose 
from UDP-glucose to various phenols, catalyzed by a wheat 
germ extract. 


SUMMARY 


A soluble enzyme preparation from asparagus shoots contains 
an enzymatic system capable of catalyzing the transfer of p-xy- 
lose from uridine diphosphate p-xylose to 8-1,4-linked xylo- 
oligosaccharides, ranging in degree of polymerization from 2 to 
5. This single-step transfer reaction results in the production 
of 1,4-linked oligosaccharides of degree of polymerization rang- 
ing from 3 to 6, each containing one more p-xylose residue than 
the acceptor. 


Acknowledgment—We gratefully acknowledge the able techni- 
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Evidence from cell suspension studies (1, 2) and from isotope 
experiments (2, 3) has suggested that propionate synthesis in 
Clostridium propionicum proceeds by a mechanism in which 
pyruvate, lactate, and acrylate are intermediates. By analogy 
to the known pathway of butyrate metabolism in Clostridium 
kluyveri (4-6), it has been proposed that the synthesis of pro- 
pionate by C. propionicum involves the coenzyme A derivatives 
of the various 3-carbon intermediates (7). The sequence of 
postulated reactions may be formulated as follows: 


+H:0O 
CH;CHOHCOSCOoOA 


+2H 
CH;COCOSCoA 


(1) 


+2H 
CH.=CHCOSCoA > CH;CH:COSCoA 


In studies of the reverse of this reaction sequence, evidence 
for the conversion of propionyl-CoA to acrylyl-CoA has been 
obtained in C. propionicum (8, 9); and in an unrelated organism 
(a propionate-oxidizing pseudomonad) the postulated hydration 
of acrylyl-CoA to form lactyl-CoA has also been demonstrated.! 
However, to date, all attempts to demonstrate either the con- 
version of acrylyl-CoA to lactyl-CoA or the oxidation of lactyl- 
CoA to pyruvyl-CoA in C. propionicum have failed. Instead, 
it has been found that acrylyl-CoA is readily aminated to form 
B-alanyl-CoA (7-11): 


CH==CHCOSCoA + NH; — (2) 


This reaction is of special interest since it provides a new mech- 
anism for the biosynthesis of 6-alanine and represents the first 
example of the formation of an acyl-CoA derivative of an amino 
acid. The present paper describes the results of studies on the 
partial purification and properties of the enzyme, acrylyl-CoA 
aminase, that catalyzes this reaction. 


EXPERIMENTAL 


Since acrylyl pantetheine? will replace acrylyl-CoA as a 
substrate for the enzyme (7-10), the former compound was 
used throughout the present investigation. Acrylyl pantetheine 
can be prepared more cheaply; it can be purified to a relatively 
high degree; and it is more suitable for use in optical tests (the 
strong a- unsaturated thiolester absorption at 263 my is not 
masked by the intense adenine absorption observed with the CoA 
analogue). The interconversion of acrylyl pantetheine and 


1P. R. Vagelos and E. R. Stadtman, unpublished experiments. 
2? We are indebted to Dr. O. D. Bird of Parke, Davis and Com- 
pany for the sample of pantetheine used in these experiments. 


B-alanyl pantetheine was followed spectroscopically by measur- 
ing changes in optical density at 263 my (7-12). 

Enzyme Assay—The reaction was carried out in 1.5 ml. cu- 
vettes with a 1.0-cm. light path. 50 umoles of triethanolamine 
hydrochloride buffer, pH 7.5, and 0.05 ml. of the enzyme solu- 
tion were added to two cuvettes. To the test cuvette were also 
added 100 umoles of ammonium chloride and 0.1 umole of acrylyl 
pantetheine. Water was added to bring the volumes to 1.0 
ml. The decrease in optical density at 263 my was followed, 
and the time was noted for the decrease from 0.5 to 0.4. 

A unit of aminase activity is the amount of enzyme required 
to give a decrease in optical density at 263 my from 0.5 to 0.4 
in 1.0 minute. 

Acrylyl pantetheine and the other thiolesters used in these 
experiments were made from the mixed anhydrides (13) and 
were purified by paper chromatography in water saturated 
n-butanol. Acrylyl-CoA and crotonyl-CoA were made simi- 
larly but were not purified. 

Saturated thiolesters and acrylyl and crotony] thiolesters 
other than the CoA and pantetheine derivatives, were measured 
by the quantitative hydroxamate method (14). CoA and 
pantetheine derivatives of acrylate and crotonate could be 
assayed quantitatively with the purified enzyme preparation, 
since the reaction goes to completion in an excess of ammonium 
chloride. The cuvettes contained the same components as in 


the enzyme assay. Optical density was recorded at 263 mp | 


before addition of enzyme and after the reaction had stopped. 
A decrease of 0.67 is equivalent to 0.1 umole in 1.0 ml. (12). 
Comparison and, in some instances, identification of thiol- 


esters were done by chromatography of their hydroxamie acid | 


derivatives (15), with the use of a solvent system composed of 
n-butanol-water (100:18). Protein determinations were made 
spectrophotometrically (16). 

C. propionicum was grown anaerobically in the following 
medium: 5.0 ml. of 1.0 M potassium phosphate buffer, pH 7.4; 
0.5 gm. of a-alanine; 0.2 gm. of Bacto-yeast extract; 0.2 gm. 
of Bacto-peptone; 0.02 gm. of MgSo,-7H.O; 1.0 mg. of CaCh:- 
2H.O; 1.0 mg. of FeSO,-7H.O; 0.075 mg. of MnSO,-4H,0; 0.075 
mg. of NasMoO,-2H.0; 3.0 ml. of 10 per cent K2COs; solution 
adjusted to pH 7.0; 0.3 ml. of 10 per cent Na2S-9H,O solution; 
and distilled water to 100 ml. Cultures were harvested after 
about 24 hours at 32°. The bacteria were recovered by centri- 
fugation and washed with 0.03 per cent Na2S-9H,0  solu- 
tion. C. propionicum was also grown in a similar medium 
in which #-alanine replaced a-alanine; a short time was re- 
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quired for adaptation. Cells were used fresh or lyophylized 
and stored at 4°. 

All bacterial cell-free extracts were prepared by suspending 
either the dried cells (5 gm./100 ml.) or fresh cells (20 gm./100 
ml.) in 0.01 m triethanolamine hydrochloride buffer, pH 7.5. 
After 30 minutes the cells were disrupted by sonic oscillation 
for two periods of 5 minutes each in a Raytheon 10 ke. Oscil- 
lator Magnetostrictor. The particulate material was removed 
by centrifuging for 15 minutes at 18,000 X g. The supernatant 
solution was stored at —20°. 

Extracts were made from pigeon liver and heart muscle by 
triturating 1.0 gm. of the acetone powders (17) suspended in 
10.0 ml. of ice-cold 0.05 m triethanolamine hydrochloride buffer, 
pH 7.5, for 15 minutes and then centrifuging as above for 15 


minutes. The supernatant solutions were stored at —20°. 


Purification of Enzyme from Extracts of a-Alanine Grown Cells 


All operations were done at 0-4°. 

Step 1. Protamine Sulfate—25.0 ml. of a 2.0 per cent solution of 
protamine sulfate were added with constant stirring to 250 ml. 
of sonic extract of the a-alanine-grown cells, containing 6.1 
gm. of protein. 15 minutes were allowed for equilibration. The 
precipitate was removed by centrifuging for 15 minutes at 18,000 
xg. All subsequent centrifugations were done similarly. The 
precipitate was discarded. 

Step 2. Ammonium Sulfate—To 251.0 ml. of the protamine 
sulfate supernatant solution were added 18.4 ml. of 1.0 M tri- 
ethanolamine hydrochloride buffer, pH 7.5. Then 110.8 gm. 
of solid ammonium sulfate were added slowly with constant stir- 
ring, bringing the solution to 0.63 saturation. The precipitate 
was removed by centrifugation. To the supernatant solution 
were added 36.9 gm. of ammonium sulfate, bringing the satu- 
ration to 0.81. After equilibration and centrifugation, the pre- 
cipitate was immediately dissolved in 28.0 ml. of 0.05 M tri- 
ethanolamine hydrochloride buffer, pH 7.5. This solution was 
dialyzed overnight against 4 1. of 0.01 M potassium phosphate 
buffer, pH 7.5. 

Step 3. Calcium Phosphate Gel—The dialyzed solution was 
diluted to 68.0 ml. with water and acidified to pH 5.9 by addition 
of 1.0 mM potassium dihydrogen phosphate solution. To the 
resultant solution, containing 1.79 mg. of protein per ml., were 
added 132 ml. of calcium phosphate gel (2.5 mg. per ml.). After 
15 minutes the precipitate was separated by centrifugation 
and washed with water. To the gel precipitate were added 75.0 
ml. of 0.01 M potassium phosphate buffer, pH 6.9. This was 
stirred for 30 minutes. The supernatant solution was removed 
by centrifugation and saved. To the gel precipitate 70.0 ml. of 
0.1 mM potassium phosphate buffer, pH 6.9, were added with 
similar stirring and centrifugation. The two gel eluates were 
pooled. 

Step 4. Ammonium Sulfate—To 145 ml. of the pooled gel eluates 
were added 10.0 ml. of 1.0 m triethanolamine hydrochloride 
buffer, pH 7.5. 67.5 gm. of ammonium sulfate were added, bring- 
ing the solution to 0.70 saturation. The precipitate was removed 
by centrifugation and discarded. To the supernatant solution 
were added 13.3 gm. of ammonium sulfate, bringing the solution 
to 0.81 saturation. After centrifugation the precipitate was 
dissolved in 25.0 ml. of 0.05 mM triethanolamine hydrochloride 
buffer, pH 7.5, and dialyzed overnight against 3 1. of phosphate 
buffer as before. This dialyzed solution was stored at —20°. 
There was no change in activity after 1 month. Table I pre- 
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TABLE I 
Enzyme purification 
Fraction Protein Activity Recovery 
meg units units/mg. % 
Sonic extract........ 6100 0.68 4575 0.75 
Protamine sulfate 
supernatant....... 3840 0.92 4440 1.16 97.0 
(NH,).SO, fraction 
0.63-0.81..........} 117.1); 0.95 2425 20.6 53.0 
Eluates from 
Ca3(PO,)2 gel. .... 50.6 1.27 1770 35.0 38.7 
(NH,)2SO, fraction 
21.6 1.37 1250 57.9 27.3 
TaBLeE II 


Enzyme activity in Clostridium propionicum 


Grown on Specific activity of sonic extract 
uniis/mg. of protein 


sents the results of this purification, showing about a 75-fold 
purification with a yield of 27.3 per cent. 

Comparison of Enzyme Activity in a-Alanine- and B-Alanine- 
grown Cells—Since C. propionicum was originally isolated from 
enrichment cultures in which a-alanine served as the major car- 
bon and hydrogen source (1), a-alanine is routinely used as the 
substrate for growth. Because the amination of acrylyl pan- 
tetheine leads to the formation of 8-alanyl pantetheine rather 
than q@-alanyl pantetheine, S-alanine was substituted for a-al- 
anine in the growth medium to observe any effect on the 
activity of the aminase. As shown in Table II, crude sonie 
extracts of a-alanine-grown cells contain 0.67 to 0.75 units of 
enzyme activity per mg. of protein; whereas the specific activity 
of extracts derived from cells grown on @-alanine varies from 
40.0 to 91.6. Thus, extracts of 8-alanine-grown cells contain 
up to 120 times more enzyme than qa-alanine grown cells. 

Unfortunately, efforts to purify the enzyme from the 8-alanine 
cells by the above procedure resulted in only about a 3-fold 
increase in specific activity. In fact, all further attempts at 
purification of the enzyme from @-alanine cells with modifica- 
tions of the above method, together with solvent fractionation, 
led ultimately to only a 4- to 6-fold purification (bringing the 
specific activity of some lots to 400 units per mg. of protein) with 
30 to 50 per cent yields. Otherwise, no evidence was obtained 
suggesting that the enzyme derived from the a- or @-alanine- 
grown cells differed in any way. The enzyme from both sources 
is unstable when left overnight in the presence of even low con- 
centrations of protamine sulfate, methanol, or acetone. The 
enzyme could be stabilized by following any of these steps by 
ammonium sulfate precipitation and dialysis. Enzyme prepara- 


| 
ine | 
lu- | 
lso | 
lyl 
10 | 
Uy | 
ed | 
nd | 
| 
ni- 
ed 
nd | 
be 
mn, 
im 
in 
ny 
| 
ol- 
id 
of 
de 
ng | 
A; 
m. 
lo: 
75 
on | 
n; | 
or | 
lu- 
m 
re- 


A 
V F 
04+ 
0 04 08 16 
p» MOLES ACRYLYL PA 
T T T T J T 
& 
6.0 Na2S0, 
— 
40+ 


OPTICAL DENSITY 
AT 263 m 


=> 
> 
oS 
SZ 4 

0 0.1 02 

ENZYME 


CONCENTRATION (ml.) 


Fia. 1. Properties of acrylyl-CoA aminase. A. The influence 
of acrylyl pantetheine (PA) concentration on the rate of B-alany] 
pantetheine formation. The cuvette contents were the same as 
in the enzyme assay except that the concentration of acrylyl 
pantetheine was varied as indicated above. 0.5 ug. of enzyme 
protein was used. Time (¢t) was noted for a decrease in optical 
density of 0.20 at 263 mu after the addition of enzyme. Velocity 
(v) = 1/t. B. Effect of ammonium chloride concentration on the 
rate of B-alanyl pantetheine formation. The cuvette contents 
were the same as in the enzyme assay with 0.1 umole of acrylyl 
pantetheine. 2.0 ug. of enzyme protein were used. Ammonium 
chloride concentration was varied as indicated above. In the 
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tions from both the a- and 8-alanine-grown cells were used for 
the experiments described below. 


Properties of Purified Acrylyl-CoA Aminase 


The stoichiometry of the reaction has already been presented 
(9,10). It was shown that in the presence of excess ammonium 
chloride there was produced 1 equivalent of B-alanyl pantetheine 
for each equivalent of acrylyl pantetheine that disappeared. 

Effect of Acrylyl Pantetheine Concentration—At a fixed con- 
centration of ammonium chloride the rate of the reaction is 
linearly related to the concentration of acrylyl pantetheine 
over the range of 0 to 0.18 wmoles per ml. (Fig. 1A). Higher 
concentrations of acryly] pantetheine could not be conveniently 
tested because of the optical assay limitations. Therefore, the 
enzyme could not be saturated in any of the experiments de- 
scribed. 

Effect of Ammonium Salt Concentration—A study of the effect 
of ammonium chloride concentration on the rate of reaction 
(Fig. 1B, solid line) indicated that the rate was proportional to 
the ammonium chloride concentration over the range 0 to 0.1 
M. Because of a rapid nonenzymatic reaction at higher con- 
centrations, it was not feasible to extend this range. The 
enzyme was therefore not saturated with ammonium salt. 

Kinetics of Reaction—Fig. 1C shows that in the presence of 
0.1 umole of acrylyl pantetheine, an excess of ammonium salt, 
and varying enzyme concentrations, there is a straight line 
relationship between the logarithm of the acrylyl pantetheine 
concentration and time. This is true until at least two-thirds 
of the acrylyl pantetheine has disappeared. Thus, under these 
experimental conditions, the reaction appears to follow first 
order kinetics over the majority of its course. 

Enzyme Concentration—The rate of disappearance of acrylyl 
pantetheine, as measured by the reciprocal of the time required 
for the change in optical density from 0.5 to 0.4 at 263 my, is 
directly proportional to the enzyme concentration (Fig. 1D). 
Although the reaction was shown to have first-order kinetics, 
the pseudounimolecular rate constant was not used in the assays, 
because it was more cumbersome to determine. Similarly, in 
subsequent experiments the reciprocal of the time required for 
the change in optical density from 0.5 to 0.4 at 263 my was 
used as a measure of rate unless otherwise noted. 

Effect of pH—Fig. 2 shows that the reaction rate constant 
increased as the pH was increased above 7.0 in both enzymatic 
and nonenzymatic experiments (solid lines). Because the non- 
enzymatic reaction became considerable above pH 8.1, the effect 
of higher pH was not studied. The subsequent studies were 
done at pH 7.5 except where noted. 

With data from the above experiment the concentration of 


experiments indicated by the broken line, sodium sulfate was 
added to give additional ionic strength of 1.5. Time (¢) was noted 
for the decrease in optical density from 0.50 to 0.40 at 263 mug. 
v= 1/t. C. Influence of enzyme concentration on disappearance 
of acrylyl pantetheine. The cuvette contents were the same as 
in the enzyme assay. The numbers on the curves refer to ml. of 
enzyme solution (8.0 mg. per ml. of protamine sulfate supernatant 
solution) added per ml. of reaction mixture. Optical density 
was followed at 263 mu. D. Relationship between rate of decom- 
position of acrylyl pantetheine and enzyme concentration as de- 
rived from data of Fig. 1C. The rate of decomposition was meas- 
ured as the reciprocal of the time interval for the optical density 
at 263 my to decrease from 0.5 to 0.4. 
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Fic. 2. Effect of pH on acrylyl-CoA aminase. The cuvette 
contents were the same as in the enzyme assay except that tri- 
ethanolamine hydrochloride buffers (50 wpmoles) at the pH values 
indicated above, were substituted. 0.5 unit of acrylyl-CoA ami- 
nase was used. Nonenzymatic controls were included for each 
pH. The reaction rate constants were calculated from the time 
(4) required for the disappearance of one-half the acrylyl pan- 
tetheine. K = 0.693/4. Reaction rate constants at the different 
pH values are depicted by the solid lines. Comparison of reac- 
tion rate constants at different pH values to the concentration of 
free ammonia at those pH’s is shown by the broken line. Free 
ammonia concentrations were calculated with the Henderson- 
Hasselbalch equation. 


free, uncharged ammonia at various pH values was calculated 
from the Henderson-Hasselbalch equation. Plotting the free 
ammonia concentration against the reaction rate constants, as 
was done in Fig. 2 (broken line) suggests a direct relationship 
between the two. Although a pH effect on the enzyme itself 
is not ruled out, it seems more likely that increasing the pH 
accelerates the reaction by increasing the concentration of free 
ammonia. Also, since the reaction rate appears to be propor- 
tional to the concentration of free ammonia, it is very likely 
that the active species in the reaction is free ammonia rather 
than ammonium ion. Were the latter the reactive species, a 
reciprocal of the curve shown in Fig. 2 would be expected, since 
ammonium ion concentration decreases with increasing pH. 
Effect of Ionic Strength—Acrylyl-CoA aminase activity is 
greatly stimulated by high ionic strength. The data presented 
in Fig. 3 show that increasing the ionic strength up to 9.0 by 
the addition of various salts results in a logarithmic increase 
in the rate of the reaction. Because of the limited solubilities 
of most of the salts tested, the influence of higher ionic strengths 
could not be investigated. All of the salts were adjusted to 
pH 7.5 before addition. In all cases there was no reaction when 
either enzyme or ammonium chloride was omitted. Of the 
salts examined, sodium sulfate gave the greatest increase in 
activity, 50-fold over the control. In addition to the salts shown 
in Fig. 3, triethanolamine hydrochloride, sodium acetate, potas- 
sium acetate, potassium chloride, and magnesium sulfate were 


3 Tonic strength was calculated by multiplying the concentration 
of each ion by the square of the number of electric charges on that 
ion, adding all the products, and dividing the sum by 2. 
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RATE OF DECOMPOSITION 
OF ACRYLYL-PANTETHEINE 
m 


12 
IONIC STRENGTH 


Fic. 3. Effect of ionic strength on enzyme activity. Each 
cuvette contained 50 ywmoles of triethanolamine hydrochloride 
buffer, pH 7.5; 0.1 wmole of acrylyl pantetheine; 100 umoles of 
ammonium chloride; 1.5 units of acrylyl-CoA aminase; salt con- 
centrations equivalent to the ionic strengths indicated; and water 
to 1.0 ml. Salt solutions were at pH 7.5. A blank contained no 
acrylyl pantetheine. The logarithm of the rate was plotted 
against the ionic strength. 


all similarly stimulating. Lithium chloride, cesium chloride, 
and potassium succinate were inhibitory. No attempt was 
made to recrystallize any of the salts to be sure that the inhibi- 
tion was not due to impurities. 

An additional experiment (Fig. 1B, broken line) was designed 
to determine whether the stimulating effect of high ammonium 
chloride concentration, previously described, was due primarily 
to ionic strength. At the relatively high ionic strength of 1.5 
(provided by sodium sulfate), the addition of 0 to 0.1 m am- 
monium chloride greatly stimulated the rate of reaction despite 
the negligible increase in ionic strength. There was still a 
linear relationship between velocity of the reaction and am- 
monium chloride concentration, and it was impossible to saturate 
the enzyme with ammonium chloride. Thus, there was an 
absolute requirement for high concentration of ammonium salt 
per se. 

Since it was impossible to saturate the enzyme with any of 
its three requirements (acrylyl pantetheine, ammonia, or high 
ionic strength), Michaelis constant (A,,) measurements were 
not feasible. 

Reversilility of Reaction—With the highly concentrated, par- 
tially purified enzyme from @-alanine grown cells, the reversi- 
bility of the reaction was demonstrated. Upon addition of en- 
zyme to pure #-alanyl pantetheine (Fig. 4), there was an 
increase in optical density at 263 my, indicating the formation 
of acrylyl pantetheine. When the reaction had reached equi- 
librium (after 7.5 minutes), addition of acrylyl pantetheine 
caused a shift in the equilibrium and a decrease at 263 my (the 
optical density provided by the added acrylyl pantetheine was 
subtracted for the plotting). As the reaction slowed again 
(after 11 minutes), addition‘ of an excess of ammonium chloride 
reduced the optical density to the basal level. Analysis of the 
complete ultraviolet spectrum when the 263 my absorption was 
at its maximum revealed a definite shoulder in the vicinity of 
263 mu. 
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OPTICAL DENSITY 
AT 263 mp 


MINUTES 


Fic. 4. Reversibility of acrylyl-CoA aminase reaction. A 
cuvette contained 50 wmoles of triethanolamine hydrochloride 
buffer, pH 7.5; 0.1 umole of 8-alanyl pantetheine (PA) and water 
to 1.0 ml. A blank contained no thiolester. At the times indi- 
cated, 25 units of acrylyl-CoA aminase were added to both cu- 
vettes, then 0.05 umole of acrylyl pantetheine to the test cuvette 
(the optical density of this subtracted for the plotting), and finally 


30.0 umoles of ammonium chloride to both cuvettes. The optical 
density was followed at 263 mu. 
DF is 
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Fic. 5. Spectrophotometric evidence for a nonenzymatic re- 
action between #-alanyl pantetheine (PA) and acrylyl pante- 
theine. Each of two cuvettes contained 50 ymoles of triethanol- 
amine hydrochloride buffer, pH 7.5; 0.3 umole of acrylyl 
pantetheine; and water to 1.0 ml. A blank cuvette contained no 
acrylyl pantetheine. The upper curve shows the optical density 
at 263 my in the cuvette without further additions. In the experi- 
ment represented by the lower curve, 0.5 and 1.0 umole of B- 
alanine, and 0.6 and 1.2 umole of 8-alanyl pantetheine were added, 
respectively, at the indicated times. 


Further evidence for reversibility of the reaction was obtained 
by showing that acrylyl pantetheine (identified by chromatog- 
raphy of its hydroxamic acid derivative) is formed when £-alany] 
pantetheine is incubated with enzyme. The reaction mixture 
contained initially 50 wmoles of triethanolamine hydrochloride 
buffer, pH 7.5, 3.0 umoles of thiolester, and 25 units of acrylyl- 
CoA aminase in a volume of 0.5 ml. Two samples containing 
B-alanyl pantetheine and acrylyl pantetheine, respectively, 
but without added enzyme, served as controls. After 90 min- 
utes at 25°, 1.0 mmole of neutral hydroxylamine was added to 
each sample, and the hydroxamic acids were chromatographed 
as previously described (15) with the use of n-butanol-water 
(100:18), as a solvent system. From the sample initially con- 
taining B-alanyl pantetheine and enzyme, three hydroxamic 
acids were obtained from the reaction products; the Rp values 
were 0.15 (corresponding to acryl-hydroxamic acid), 0.062 
(corresponding to #-alanyl-hydroxamie acid), and 0.55 (an 
unknown derivative). From the #-alanyl pantetheine and 
acrylyl pantetheine control samples only single hydroxamic 
acid derivatives were obtained having Ry values of 0.062 and 
0.15, respectively. These results show that in the presence of 


Propionic Acid Metabolism. I. 


Vol. 234, No. 3 


enzyme and @-alanyl pantetheine, two new compounds are 
produced. As judged by chromatography of the hydroxamic 
acid derivatives, one of these compounds is probably acrylyl 
pantetheine; but the other (Rr 0.55 in the butanol: water sol- 
vent system) is unknown. 

In view of the fact (to be considered below) that acrylyl 
pantetheine reacts nonenzymatically with various amino com- 
pounds to form addition products, the possibility was considered 
that the second compound formed in the above experiment was 
produced by secondary interaction of acryly] pantetheine (Pa) 
and 8-alanyl pantetheine (Reaction 3). 


CH.=CHCOSPa + NH2CH2CH2COSPa — 


To test this possibility, a reaction mixture containing 2.5 
umoles each of 6-alanyl pantetheine and acrylyl pantetheine 
in 1.25 ml. of 0.04 m triethanolamine hydrochloride buffer, pH 
7.5, was incubated for 2 hours at 35° (enzyme was absent), 
After incubation, 1.0 mmole of neutral hydroxylamine was added, 
and the hydroxamates were chromatographed as previously. 
The results indicated that an almost quantitative conversion of 
the added thiolesters to the unknown compound had occurred 
since a hydroxamate with an Rp of 0.55 was the major product; 
acrylyl hydroxamate was absent and B-alanyl hydroxamate was 
barely detectable. 


The reaction can be followed spectrophotometrically by meas- | 


uring the decrease in optical density at 263 my associated with 
the disappearance of acrylyl pantetheine. As shown in Fig. 5, 
the rate of the reaction is greatly influenced by the concentration 
of B-alanyl pantetheine and, under the experimental conditions 
used, is specific for the thiolester derivative; free B-alanine does 
not react. Although the product to the reaction has not 
been characterized, it is very probable that it has the structure 
indicated in Reaction 3. There is no stimulation of the re- 
action by the aminase preparation; otherwise, the reaction has 
not been studied further. 

Equilibrium Measurements—With the establishment of the 
free reversibility of the reaction, equilibrium measurements were 
done. The accuracy of the measurements was limited by the 
nonenzymatic addition of B-alany] pantetheine to acrylyl pante- 
theine. This could best be minimized by using very dilute solu- 
tions of thiolesters and high concentrations of enzyme so that 
all reactions reached equilibrium within 5 to 7 minutes. 

Spectrophotometric assays were done exclusively, with the 
changes in optical density at 263 my used as a measure of the 
concentration of acrylyl pantetheine. pantetheine 
does not absorb appreciably in this range. Redialyzed enzyme 
solution was used and extraneous ammonia was rigidly exlcuded. 
In the forward reaction, addition of enzyme caused a rapid 
decrease in optical density at 263 mu. Equilibrium was assumed 
to have been reached when the rapid reaction had ceased; a 
continuing slow decrease was presumably due to the nonen- 
zymatic reaction (Reaction 3). In the reverse reaction, optical 
density increased to a plateau and then slowly decreased. The 
highest point reached was taken as the equilibrium position. 

In the forward reaction the amounts of ammonia consumed 
and of B-alanyl pantetheine formed were assumed to be equal 
to the amount of acrylyl pantetheine that disappeared. All 
ammonia concentrations were calculated as free ammonia, since 
it was shown that this is probably the reactive species. In 
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TABLE III 
Equilibrium constants for the acrylyl-CoA aminase reaction 


The reactions were done at 25°. Each cuvette contained 50 umoles of triethanolamine hydrochloride buffer, pH 7.5, thiolesters, and 
ammonia (added as ammonium chloride) as indicated, 25 units of acrylyl-CoA aminase, and water tol.0 ml. A blank for each experi- 
ment contained no thiolester. The reactions were begun by the addition of enzyme. The optical density was followed at 263 mu. 


Initial concentrations | 


Final concentrations K-= 


(8-alanyl pantetheine) 


Acrylyl pantetheine | 8-Alanyl pantetheine Free Acrylyl pantetheine | Free | (NH3) 
pmole/ml. | pmole mil. pmole mil. | moles/l. | moles | moles/l. | 

0.1 | 0 1.7510? | 10-5 2.28 | 1.35% | 2.18 x 105 
0.1 | 0 8.1 10-* 7.62 10-5 2.38 4.59 1077 | 6.8 105 
0.05 | 0 10-3 & 1075 3.64 te 3.31 105 
0.05 | 0.05 8.74x 10? | 4.4 10-5 5.60 8.64 X 10-8 1.47 X 10° 
0.05 | 0.05 5.25% 10 | 2.08 X 10-5 7.92 10-5 | 7.35 X 104 
0.05 0.1 5.93 10-5 9.08 8.59 1078 | 1.78 X 105 
0 0.1 0 5.41 XK 1075 4.59 9.45 X 10°77 8.96 X 105 
0 0.05 | 0 2.92 1075 2.08 §.1 10° 1.40 10° 
0.06 0.05 | 0 7.69 K 1075 3.31 2.95x 107 | 1.46 X 10° 
0.1 0.05 0 1.11 K 10~4 3.90 1.93 X 10-7 1.82 X 10° 
0.05 0.1 | 0 8.58 1075 6.42 6.25 10°77 1.20 108 
0.1 | 0.1 | 0 «1.25 & 10-4 7.55 4.28 1077 1.42 10° 

the reverse reaction it was assumed that the total amount of TaBLe IV 


ammonia formed was equal to the acrylyl pantetheine produced. 


The final concentration of 8-alanyl pantetheine was assumed to 
be the difference between the starting concentration and the 
amount of acrylyl pantetheine formed. 

Equilibrium data from several experiments are shown in 
Table III. The average of the 12 calculated equilibrium con- 
stants is 8.19 * 10°. From the relation, AF® = —RT InK, the 
calculated free energy change (AF) is —8060 calories at pH 7.5 
and 25°. 

Substrate Specificity—A study of the thiolester specificity of 
this enzyme indicated that acrylyl-CoA was by far the most 
active substrate tested. Experiments were conducted as in the 
enzyme assay except that 0.1 umole of each of the thiolesters 
to be tested, 100 umoles of ammonium chloride, and 1.0 yg. 
of enzyme protein were used. For every thiolester, controls 
were done in which enzyme and ammonium chloride were omit- 
ted separately. Velocity of the reactions was determined as in 
Fig. 1D. When the velocity of the reaction obtained with 
acrylyl-CoA was set equal to 100, the approximate relative 
velocities with acrylyl pantetheine, acrylyl N-acetyl thio- 
ethanolamine, crotonyl-CoA, and crontonyl pantetheine were 
1.6, 0.003, 5.2, and 0.25, respectively. Acrylyl S-thiopropionic 
acid and crontony! N-acetyl thioethanolamine were completely 
inactive in this assay system. The thiolesters of acrylic acid 
in every case were more active than the analogous thiolesters 
of crotonic acid. The products of the reactions with crontonyl 
thiolesters and ammonium chloride were presumed to be 8-amino 
butyryl thiolesters. These data suggest that the CoA thiolesters 
are the most active in each case; panthetheine and N-acetyl 
thioethanolamine thiolesters, containing progressively smaller 
fragments of CoA, have progressively less activity. 

A survey of a number of amino compounds that might sub- 
stitute for ammonia indicated an absolute specificity for am- 
monia. As shown in Table IV, only in the presence of ammo- 
nium chloride was there significantly greater activity in the enzy- 


Demonstration of absolute specificity for ammonia of 
acrylyl-CoA aminase 


Each compound was tested for its ability to stimulate the de- 
composition of acrylyl pantetheine. Each cuvette contained 50 
umoles of triethanolamine hydrochloride buffer, pH 7.5, 0.1 
umole of acrylyl pantetheine, 300 wmoles of potassium chloride, 
where indicated 1.2 units of acrylyl-CoA aminase, and water to 
1.0 ml. A blank for each experiment contained no thiolester. 
The optical density was followed at 263 muy. 


‘Decrease in optical density at 
203 mu per 10 minutes , 


Amino compound pmoles 
With | Without 
enzyme § enzyme 
10 0.580 | 0.035 
100 0.300 
200 | 0.400 
300 0.503 
pL-Ornithine............. 50 0.100 0.103 
| 20 0.067 0.067 
| 20 0.060 0.060 
pi-Serime............ 20 0.048 0.057 
20 0.048 0.043 
. | 20 0.030 0.035 
pL-Glutamate........... | 20 0.030 0.029 
pL-Valine............ 20 0.024 0.030 
100 0.022 0.018 
y-Amino-butyrate 50 0.014 0.018 
| 20 0.002 0.005 
20 0.000 0.000 


matic samples (measured by the decrease in optical density at 
263 my in 10 minutes) as compared to control samples that 
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lacked enzyme. It is of interest that there was nonenzymatic 
decomposition of acrylyl pantetheine by many of the amino 
compounds tested. Glycine, pL-ornithine, pL-lysine, L-arginine, 
and pt-citrulline gave the most active nonenzymatic reactions. 
These reactions were presumed to be amine additions to the 
double bond of the thiolester. $-Alanyl pantetheine, not shown 
in these experiments, was shown previously to react with acrylyl 
pantetheine nonenzymatically even at very low concentrations; 
however, free B-alanine was inactive. Other amino compounds 
that were tested but gave no reaction at concentrations of 0.1 
umole per ml. were guanosine 5’-phosphate, adenosine 5’-phos- 
phate, cytidine 5’-phosphate, and thiamine pyrophosphate. 
Distribution of Enzyme—No other source of this enzyme has 
been found other than C. propionicum. Extracts of the fol- 
lowing tissues and organisms and dialyzed ammonium sulfate 
fractions of each failed to show any activity: pigeon liver, pigeon 
heart muscle, C. kluyveri, Clostridium sticklandii, two strains 
of aerobes isolated with @B-alanine as the sole carbon source 
in enrichment cultures, a propionate-oxidizing pseudomonad,* 
Micrococcus lactilyticus,’ and Propionibacterium pentosaceum.® 


DISCUSSION 
The fermentation of 8-alanine by C. propionicum is summar- 
ized by the equation: 
3 NH.CH»CH.COOH + 2 H.0 = 
2 CH;CH,COOH + CH;COOH + CO: + 3 NH: 


(4) 


It is therefore obvious that the oxidation of 1 mole of B-alanine 
to acetate, carbon dioxide, and ammonia is coupled with the 
reduction of 2 moles to propionate and ammonia. The demon- 
stration in this paper that extracts of C. propionicum catalyze 
the conversion of §-alanyl-CoA to acrylyl-CoA and ammonia 
(reverse of Reaction 2) and the previous demonstration that 
acrylyl-CoA is reduced to propionyl-CoA (8, 9) present the 
possibility that propionate synthesis may involve the following 
sequence of reactions: 


> B-alanyl-CoA > 


+2H 


+~CoA 


B-alanine 


acrylyl-CoA > propionyl-CoA 


Thus far all efforts to demonstrate the formation of B-alanyl- 
CoA from free B-alanine have failed. This does not preclude the 
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operation of the above reaction sequence, since free 6-alanine igs 
not metabolized by cell-free extracts, and this failure may be 
due to the inability of extracts to activate B-alanine. A more 
serious consideration is the equilibrium of Reaction 2 which is 
so highly unfavorable for acrylyl-CoA formation that it seems 
unlikely that this reaction represents an obligatory step in pro- 
pionate synthesis, especially in the presence of the high con- 
centrations of ammonia that accumulate during the fermenta- 
tion. It should be pointed out that involvement of Reaction 2 in 
propionate synthesis cannot be completely dismissed on thermo- 
dynamic grounds, since it would be coupled with the reduction 
of acrylyl-CoA to propionyl-CoA, which is very probably a 
highly exergonic reaction. The analogous reduction of crotony)- 
CoA to butyryl-CoA by reduced pyridine nucleotides is strongly 
exergonic (18). 

The possibility that B-alanyl-CoA is an intermediate in the 
biosynthesis of other metabolites remains to be investigated. 
The demonstration that B-alanine is a product of pyrimidine 
catabolism (19-23), and nutritional studies suggesting that it 
may be an intermediate in the biosynthesis of pyrimidines (24) 
draw attention to the possibility that B-alanyl-CoA may be an 
important precursor in pyrimidine metabolism. 


SUMMARY 


1. Acrylyl coenzyme A aminase, an enzyme which catalyzes a 
reaction between acrylyl coenzyme A and ammonia to form 
B-alanyl coenzyme A, has been partially purified from extracts 
of Clostridium propionicum grown on a-alanine. 

2. Extracts of Clostridium propionicum grown on #-alanine 
contain up to 120 times as much of this enzyme as extracts of 
the organism grown on a-alanine. 

3. The enzyme functions optimally in the presence of relatively 
high concentrations of ammonium chloride, high pH, and ex- 
traordinarily high ionic strength. 

4. High pH probably accelerates the enzymatic reaction by 
making higher concentrations of free, uncharged ammonia 
available. Evidence was presented suggesting that the latter 
is the active species in the reaction. 

5. The reaction is freely reversible. Amination is strongly 
exergonic, being associated with a free energy change of about 
—8060 calories at pH 7.5. 

6. The enzyme shows a high degree of specificity for acrylyl 
coenzyme A, although it has some activity with related thiol- 
esters. There is absolute specificity for ammonia. 
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Fat Metabolism in Higher Plants 


XI. THE CONVERSION OF FAT INTO CARBOHYDRATE IN PEANUT 
AND SUNFLOWER SEEDLINGS* ¢ 


CLIVE BRADBEERT AND P. K. Srumprt 


From the Department of Agricultural Biochemistry, University of California, Berkeley, California 


(Received for publication, September 22, 1958) 


The recently elucidated glyoxylate cycle (1), which is capable 
of coupling fatty acid degradation and sugar synthesis, provides 
a possible pathway for the conversion of fat into carbohydrate 
in germinating seedlings from seeds of high fat content. Korn- 
berg and Beevers (2) have provided a demonstration of such a 
conversion in castor bean endosperms. The results obtained in 
the present work, from experiments both with intact cotyledons 
and with water-soluble enzyme preparations, are consistent with 
the proposal that the glyoxylate cycle is also operative in the 
conversion of fat into carbohydrate in peanut and sunflower 
seedlings. 

EXPERIMENTAL 


Sodium acetate-1- and -2-C™ and acetic anhydride-1-C™ were 
obtained from Research Specialties Company, Berkeley, Cali- 
fornia. 

Acetyl-1-C4-CoA was prepared from acetic anhydride-1-C"™ 
and CoA according to the method of Simon and Shemin (3). 

Peanuts (Arachis hypogea), obtained from Hancock Peanut 
Company, Courtland, Virginia, and sunflower seeds (Helianthus 
annuus, Dobbies Giant Striped variety), obtained from Dobbies, 
Edinburgh, Scotland, were germinated in the dark on moist 
vermiculite at 30° and 20°, respectively. 

Feeding Experiments—Cotyledons were excised from 6-day-old 
peanut seedlings and from 5-day-old sunflower seedlings and were 
placed in 5-ml. beakers which contained 18 to 22 uwmoles of either 
acetate-1-C™ or acetate-2-C™ (approximately 0.1 me. or 15.1 xX 
10° c.p.m. under our conditions of assay) in 1 ml. of water. 
The beakers were placed in sealed, darkened, 750-ml.-bottles. 
All experiments were performed at approximately 20°. After 
periods of 2 to 7 hours, 1 ml. of 5 per cent NaOH was introduced 
into each bottle, and 45 minutes were allowed for the absorption 
of respiratory CO». The carbonate was converted to BaCO; 
and was assayed for radioactivity. 

The cotyledons were washed in running water, killed in boil- 
ing acetone, and ground for 1 minute in a Servall Omni-mixer. 
The fat was removed by two extractions with boiling acetone 
and, after evaporation of the acetone, was redissolved in petro- 
leum ether. Aliquots of this solution were plated on aluminum 
discs and were assayed for C™. 


* Supported in part by a grant from the National Science 
Foundation. 

tA preliminary report of this work was presented at the 133rd 
meeting of the American Chemical Society, San Francisco, April 
1958. 

t Present address, Department of Agricultural Biochemistry, 
University of California, Davis, California. 


The residue from the acetone extraction was extracted three 
times with boiling 80 per cent ethanol and, after assay of aliquots 
of this solution for radioactivity, the remainder was concentrated 
and used for paper chromatography. Components of the etha- 
nolic extract were separated by two-dimensional chromatog- 
raphy on Whatman No. 1 paper with n-propanol:ammonia: 
water (6:2:2 by volume) and the upper phase from tert-amyl 
alcohol :formic acid: water (3:1:3 by volume) as the developing 
solvents. Radioactive substances were detected by radioautog- 
raphy by means of Kodak “‘no-screen” x-ray safety film, and the 
C™ content of individual substances was assayed by counting 
the active areas on the developed chromatogram. 

The counting equipment used consisted of a thin window 
Geiger-Miiller tube coupled to a Tracerlab autoscaler. 

Degradation Methods—In all instances, the CO» produced dur- 
ing the degradation procedures was absorbed in carbonate-free 
5 per cent NaOH and was subsequently converted into BaCQ,. 
The BaCO; was plated on sintered porcelain discs and, after 
being washed, dried, and weighed, was counted at infinite thick- 
ness. | 

Degradation of Glucose'—The sucrose, obtained from the eth- 
anolic extracts, was hydrolyzed either by acid or by an invertase 
preparation, and the glucose moiety was separated by chroma- 
tography on Whatman 3MM paper. The radioactive glucose, 
together with 200 to 300 umoles of cold, carrier glucose, was 
fermented to CO, (carbon-1), ethanol (carbons-2 and -3) and 
lactic acid (carbons-4, -5 and -6) by Leuconostoc mesenterovdes 
by the procedure described by Gunsalus and Gibbs (4). The 
ethanol was obtained by distillation and was oxidized to acetic 
acid with acid dichromate by the method described by Aronoff 
(5). The acetic acid, obtained by steam distillation, was neu- 
tralized and then concentrated and dried in a vacuum. The 
residual lactic acid solution was acidified to pH 2, concentrated 
to 1 ml., and dried by the addition of powdered silicic acid. The 
lactic acid was extracted from this powder with 60 ml. of water- 


saturated butanol:chloroform (1:1 by volume) and was further} ; 


purified by paper chromatography. Decarboxylation of the 
lactate to CO: and acetic acid was carried out by the method of 
Katz et al. (6). The acetic acid was isolated, neutralized, and 
dried as before, and the two acetate samples were degraded by 
the Phares-Schmidt procedure as employed by Katz et al. (6). 
The combined degradation procedures were checked routinely 
by the simultaneous degradation of a sample of randomly la- 


1 Acknowledgment is due to Dr. 8S. Abraham of the Depart- 
ment of Physiology for advice on the glucose degradation pro- 
cedure. 
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beled glucose.2, The contribution of carbonate from the various 
reagents was checked by the degradation of a blank sample. 

Degradation of Malic Acid—Carbon-4 of malic acid was re- 
moved as CO, by Lactobacillus arabinosus 17-5 as described by 
Nossal (7). The remaining 3 carbon atoms of the malate were 
recovered as lactic acid which was isolated and degraded by the 
methods described above. In some instances the acetate, which 
represented the 2 middle carbon atoms of the malate, was oxi- 
dized to COz by persulfate according to the procedure of Katz 
et al. (8). 

Experiments with Enzyme Preparations—Soluble enzyme sys- 
tems were extracted from the cotyledons of 4- to 5-day-old sun- 
flower seedlings and of 6- to 7-day-old peanut seedlings. These 
preparations were assayed for both isocitritase and malic synthe- 
tase. ‘The methods of extraction and of assay were according to 
those described by Kornberg and Beevers (2). The chilled plant 
material was ground in a Servall Omni-mixer for 30 seconds at 
0° with 1.5 times its weight of 0.1 m phosphate buffer, pH 7.6. 
The resultant suspension was squeezed through muslin and was 
centrifuged at approximately 55,000 x g in a refrigerated Spinco 
ultracentrifuge. The supernatant solution was used in the en- 
zyme experiments. 

Each assay system contained 0.1 ml. of m phosphate buffer, 
pH 7.6 (100 umoles), 0.1 ml. of MgCl, (10 uwmoles), and 0.2 ml. 
of neutralized GSH (10 uwmoles) (also 0.001 m with respect to 
ethylenediaminetetraacetate), and 0.2 ml. of enzyme. Where 
appropriate, the following substrates were also added, 0.1 ml. of 
acetyl-1-C'-CoA (1 xX 10® ¢.p.m.), 0.1 ml. of isocitrate* (20 
umoles), and 0.1 of ml. glyoxylate* (20 wmoles). Distilled water 
was added to make a total volume of 1.0 ml. and incubation was 
carried out at 30°. Because of the known inhibitory effects of 
high concentrations of glyoxylate, this substance was usually 
added in five 0.02-ml. (4 wmoles) aliquots after 0, 12, 24, 36, and 
48 minutes. The reaction was stopped after 60 minutes. Where 
necessary, 0.1-ml. aliquots of the reaction mixture were added 
to 0.5 ml. of 0.2 per cent 2,4-dinitrophenylhydrazine in 0.2 n 
HC! to prepare 2,4-dinitrophenylhydrazones of the keto acids, 
according to the method of Isherwood and Cruickshank (9). 5 
ml. of boiling 95 per cent ethanol were added to the remainder 
of the reaction mixtures and, after centrifuging, these solutions 
were chromatographed on paper. The di- and tricarboxylic 
acids were identified by cochromatography with samples of the 
authentic acids. Radioactive components were located by radio- 
autography, and their C'™ content was measured after elution 
from the paper. In the isocitritase assays, succinate was de- 
tected on the chromatograms by spraying them with a 0.04 per 
cent solution of bromocresol green in ethanol. Glyoxylic acid 
was converted to its 2,4-dinitrophenylhydrazone, and this de- 
rivative was chromatographed on paper and was identified by 


the procedures described by Krupka and Towers (10), which 


included (a) cochromatography with the standard derivative, 
(b) the characteristic colors of the dinitrophenylhydrazone spots 
when sprayed with 0.05 n ethanolic NaOH, and (c) the absorp- 
tion spectrum (with the characteristic peak at 368 my) of the 
eluted dinitrophenylhydrazone in 1 per cent Na:COs. 


RESULTS 


Feeding Experiments with Acetate-1- and -2-C'*—Table I shows 
the proportions of C' which were found in the respiratory COs2, 


2A gift from Mr. E. J. Wawszkiewicz. 
* Sodium isocitrate and sodium glyoxylate were kindly donated 
by Dr. E. E. Conn. 
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TABLE I 
Utilization of C'-labeled acetate by peanut and sunflower cotyledons 
The proportions of C' incorporated into the respiratory COs, 
ethanolic extract, and fat when labeled acetate was fed to excised 
cotyledons from peanut (3-hour feeding experiment) and sun- 
flower (7-hour feeding experiment) seedlings are shown. 


Peanut cotyledons 
Fraction 
Acetate-1-C™ Acetate-2-C'™ Acetate-2-C™ 
% % % 
Ethanolic extract........ 60.6 90.2 81.2 
TABLE II 


Distribution of C'* among components of ethanolic extracts from 
peanut and sunflower cotyledons after 3-hour 
feeding experiments 
Values are expressed as percentages of the total C™ incor- 
porated into substances soluble in 80 per cent ethanol. 


Peanut cotyledons Sunflower cotyledons 
Fraction 
Acetate-1-C™ | Acetate-2-C™ | Acetate-1-C™| Acetate-2-C™ 

% % % % 
Sucrose.............. 47.0 51.1 49.5 55.2 
Prectese............. 1.4 3.1 3.6 2.5 
13.8 8.3 12.4 10.0 
Succinate............ 0.9 1.1 1.2 2.8 
Fumarate............ 0.7 1.0 0.5 0.2 
Aspartate........... 3.7 0.8 1.3 0.6 
Glutamate........... 7.4 11.8 0.6 0.2 


fat, and ethanolic extract fractions when labeled acetate was 
fed to peanut and sunflower cotyledons in typical experiments. 
The tracer was released as respiratory CO2 much more readily 
from acetate-1-C™ than from acetate-2-C'. This would be ex- 
pected if utilization of acetate occurs by means of the tricar- 
boxylie acid cycle. Similar results were obtained by Newcomb 
and Stumpf (11) who fed labeled acetate to slices of peanut 
cotyledons. Carbon-14 was also incorporated into ethanol-in- 
soluble fractions (protein and polysaccharide), but this incorpo- 
ration, which was of the order of 15 per cent of that in the etha- 
nolic extract from an 8-hour feeding experiment, was rarely 
measured. ‘Thus, of the label which was retained in the plant 
tissues, the greater part was found in substances soluble in 80 
per cent ethanol. 

The C* contents of the free sugars and of some of the acids of 
the tricarboxylic acid cycle and of related amino acids are ex- 
pressed, in Table II, as percentages of the C™ in the ethanolic 
extracts from 3-hour feeding experiments. In all cases, sucrose 
contained approximately 50 per cent of the label. Malate and 
citrate were the most strongly labeled members of the tricar- 
boxylic acid cycle. 

The results of the degradations of malate and of the glucose 
moiety of sucrose from the 3-hour feeding experiments are shown 
in Tables III and IV. Carboxyl-labeled acetate gives rise to 
glucose labeled predominantly in carbon atoms 3 and 4 and to 
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TaBLeE III 
Distribution of Cin glucose moiety of sucrose, obtained from peanut 
and sunflower cotyledons, after 3-hour feeding experiments 
with acetate-1- and -2-C™ 


Peanut cotyledons Sunflower cotyledons 
Carbon atom 
Acetate-1-C'4 Acetate-2-C™ | Acetate-1-C'4 | Acetate-2-C' 

% % % % 
1 5.7 25.2 4.0 22.8 
2 5.5 23.0 5.3 21.6 
3 35.6 3.7 38.7 2.2 
4 41.8 5.3 39.8 4.2 
5 5.3 19.2 8.3 22.5 
6 6.1 23.6 3.9 26.7 

TABLE IV 


Distribution of C'*in malic acid, obtained from peanut and sunflower 
cotyledons, after 3-hour feeding experiments 
with acetate-1- and 


Fat Metabolism in Higher Plants. XI 


Vol. 234, No. 3 


TaBLeE VI 
Distribution of C'4 in malic acid obtained after incubation of soluble 
enzyme preparation with acetyl-1-C'* CoA 
and either glyoxylate or isocitrate 
The assay system and incubation conditions were the same as 
those described in Table V. The substrates were acetyl-1-C™ 
CoA plus either isocitrate or glyoxylate. 


Peanut cotyledons Sunflower cotyledons 
Carbon atom 
Acetate-1-C™ Acetate-2-C'4 Acetate-1-C™ | Acetate-2-C'* 
% % % % 
1 34.2 15.0 37.2 17.2 
2 0.4 39.8 1.0 41.0 
3 0.4 40.8 : 36.5 
4 65.0 4.4 61.8 5.3 
TABLE V 


Effect of isocitrate and glyoxylate upon utilization of acetyl-1-C"4 
CoA by soluble enzyme preparations from peanut 
and sunflower cotyledons 


The complete assay system contained 0.1 ml. of m phosphate 
buffer, pH 7.6 (100 umoles); 0.1 ml. MgCl. (10 zmoles) ; 0.2 ml. of 
neutralized GSH (10 uwmoles); 0.1 ml. of acetyl-1-C'4 CoA (1 X 
10° c.p.m.), and 0.2 ml. of enzyme preparation. 0.1 ml. of iso- 
citrate (20 wmoles) and 0.1 ml. of glyoxylate (20 uwmoles) were 
added where appropriate. Distilled water was added to give a 
total of 1 ml., and the reaction mixture was incubated at 30° for 
60 minutes. 


P Sunflower enzyme 
Substrate in addition to eT eee system 
acetyl-1-C'* CoA 

Malate Citrate | Fumarate | Malate Citrate 

c.p.m. c.p.m. c.p.m. c.p.m. c.p.m. 

900 | 3,600 140 800 | 1,080 
beoettvate........... 70,800 | 7,980 | 3,200 4,500 | 1,680 
Glyoxylate.......... 45,900 940 | 5,800 | 33,500 620 


malate labeled almost exclusively in the carboxyl carbon atoms. 
On the other hand, from methyl-labeled acetate, over 90 per 
cent of the C" in the glucose is found in carbon atoms 1, 2, 5, 
and 6, and approximately 80 per cent of the label in the malate 
is in the 2 middle carbon atoms. 

Experiments with Soluble Enzyme Preparations—Isocitritase, 
which catalyzes the reaction, 


isocitrate — glyoxylate + succinate 


was demonstrated in the soluble enzyme systems by the produc- 
tion of glyoxylate and succinate from isocitrate. 


Peanut enzyme system Sunflower enzyme system 
Carbon atom 
Isocitrate Glyoxylate Isocitrate Glyoxylate 
% % % % 
1 11.8 14.0 18.5 28.6 
: 0.0 0.0 0.0 0.0 
4 88.2 86.0 81.5 71.4 


The incorporation of carbony]-labeled acetyl-CoA into malate 
was increased 40- to 50-fold when glyoxylate was included in 
the reaction mixture. These results are shown in Table V and 
indicate that malic synthetase, which catalyzes the reaction, 


acetyl-CoA + glyoxylate — malate + CoA 


is present in the enzyme preparations. 

The coupled activities of isocitritase and malic synthetase were 
similarly demonstrated by the increased incorporation of acetyl- 
CoA into malate in the presence of isocitrate (see Table V). 
The stimulation by isocitrate was almost 80-fold with the pea- 
nut preparation, but was only 4- to 5-fold with the sunflower 
system. This may have been due to loss of activity of the sun- 
flower isocitritase during the extraction procedures. It is per- 
haps relevant to note that under the conditions of storage ( —20°) 
and assay used in these experiments, isocitritase lost its activity 
more rapidly than did malic synthetase. 

Some of the radioactive malate, formed from carbony]-labeled 
acetyl-CoA in these enzyme experiments, was degraded. The 
results, shown in Table VI, provide further confirmation that 
the incorporation of acetyl-CoA into malate is by way of the 
malic synthetase reaction. Between 70 and 90 per cent of the 
radioactivity in the malate was found in carbon-4. The appear- 
ance of some C' in carbon-1 was most probably due to the 
presence of fumarase in the enzyme preparations. This view is 
supported by the fact that radioactive fumarate was also iso- 
lated from the reaction mixtures (see Table V). 


DISCUSSION 


The glyoxylate cycle, which has been described by Kornberg 
and Krebs (1), has provided a pathway by means of which cell 
constituents may be synthesized from C, units. The reactions 
of this cycle may be summarized as follows: 


Acetyl-CoA + oxaloacetate — citrate + CoA 
citrate — isocitrate 
isocitrate — glyoxylate + succinate 
succinate — oxaloacetate 


Acetyl-CoA + glyoxylate — malate + CoA 


Sum: 2 acetyl-CoA — malate + 2 CoA 


The net effect of one turn of the cycle is the formation of 1 
molecule of a C, dicarboxylic acid from 2 molecules of acetyl- 


t 
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CoA. This glyoxylate cycle was first demonstrated in Pseudo- 
monas strain KB1 (1), which is capable of utilizing the C2 com- 
pound, acetate, as its major source of carbon. 

In recent years evidence has accumulated (12, 13) that the 
main pathway of fatty acid degradation in higher plants is by 
means of successive B-oxidations to yield acetyl-CoA. Thus 
germinating seedlings, in which fat is the main storage reserve 
being used, represent another class of organisms which are 
largely dependent upon the utilization of C2 units for the synthe- 
sis of new cell constituents. 

Kornberg and Beevers (2) have provided evidence that the 
glyoxylate cycle is operative in providing a link between fatty 
acid degradation and sugar synthesis during the conversion of 
fat into carbohydrate in castor bean endosperms. The pathway 
of such a conversion may be represented by the following stages: 


fatty acid — acetyl-CoA — (glyoxylate cycle) — malate — 
phosphoenol pyruvate — triose phosphate — hexose 


Quantitative physiological studies have demonstrated that 
the storage fat in the cotyledons of peanut‘ and sunflower seed- 
lings (14, 15) is converted into carbohydrate during germination. 
Evidence has also been obtained from CO, feeding experiments 
(16) that malate is an intermediate in this conversion in sun- 
flower seedlings. More recently, similar results have been ob- 
tained with peanut cotyledons.‘ 

In the present series of experiments, when radioactive acetate 
was fed to intact cotyledons from germinating peanut and sun- 
flower seedlings, at the physiological stage in which fat was 
being converted into carbohydrate most rapidly, the label ac- 
cumulated in sucrose. The intermediates of the tricarboxylic 
acid cycle as well as some related amino acids also became la- 
beled very rapidly, suggesting the operation of at least one 
variant of this cycle. The entry of acetate into the tricarboxylic 
acid cycle at two points, as would be obtained during the opera- 
tion of the glyoxylate cycle, is suggested by the large proportion 
of C which was found in malate. 

According to the pathway proposed above for the conversion 
of fat into carbohydrate, acetate-1-C™ would be expected to give 
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rise to carboxyl-labeled malate and to 3,4-labeled hexose. On 
the other hand, malate labeled in the 2 middle carbon atoms and 
hexose labeled in carbon atoms 1, 2, 5 and 6 would be anticipated 
from acetate-2-C'%. The experimental results (see Tables III 
and IV) are in close agreement with these theoretically expected 
distributions. Thus, the results of the acetate-feeding experi- 
ments are fully consistent with the pathway, involving the 
glyoxylate cycle, which has been proposed for the conversion of 
fat into carbohydrate in peanut and sunflower seedlings. 

Enzyme experiments have yielded further evidence for the 
operation of the glyoxylate cycle. The characteristic enzymes 
of the glyoxylate cycle, isocitritase and malic synthetase, have 
been demonstrated in soluble enzyme preparations from the 
cotyledons of both peanut and sunflower seedlings. In addition, 
the incorporation of acetyl-CoA into citrate (see Table V) may 
be taken to indicate the presence of the condensing enzyme in 
these preparations. The presence of C™ in fumarate and the 
randomization of the label in the enzymically formed malate 
(see Table VI) have similarly been interpreted in terms of fuma- 
rase activity. Very active malic dehydrogenase preparations 
have also been obtained from sunflower seedlings (15). 

The evidence available at present suggests that the glyoxylate 
cycle is important in providing a link between fatty acid degrada- 
tion and the synthesis of new cell constituents during the germi- 
nation of seeds in which fat is the major storage reserve. 


SUMMARY 


Carbon-14 from both acetate-l- and -2-C™ was rapidly in- 
corporated into free sugars and intermediates of the tricarboxylic 
acid cycle by excised cotyledons from etiolated peanut and sun- 
flower seedlings. ! 

The observed distributions of the carbon-14 within malic acid 
and the glucose moiety of sucrose are consistent with the opera- 
tion of the glyoxylate cycle in the conversion of fat into carbo- 
hydrate in these tissues. 

Some of the enzymes of the glyoxylate cycle, malic synthetase, 
isocitritase, condensing enzyme, and fumarase, were demon- 
strated in soluble enzyme preparations from the peanut and 
sunflower cotyledons. 
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The Purification and Properties of Glutathione Peroxidase 
of Erythrocytes* 
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From the Department of Biochemistry and Nutrition, The University of Texas 
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(Received for publication, May 13, 1958) 


Previous studies (1, 2) have shown the presence of a peroxidase 
in erythrocytes which catalyzes the breakdown of hydrogen 
peroxide with reduced glutathione serving as a hydrogen donor. 
The significance of this enzyme in the protection of hemoglobin 
from oxidative breakdown has been shown previously (2). The 
erythrocyte reduced glutathione peroxidase has now been puri- 
fied by column chromatography on a modified cellulose anion 
exchange column. The peroxidase activity has been separated 
completely from the catalase activity, confirming the previous 
conclusion that the peroxidase and catalase activities of the 
red cell could be attributed to two distinct enzymes. Although 
the enzyme in impure preparations is relatively stable, purifica- 
tion results in a markedly increased lability. 

In addition, some systematic studies have been carried out 
with this purified enzyme preparation to determine the enzyme 
specificity in regard to hydrogen donors. Plant peroxidases, 
in general, have a relatively low degree of specificity since a 
wide variety of compounds, including organic amines, aromatic 
diols, and sulfhydryl compounds, will serve as hydrogen donors 
(3-6). In contrast to this, certain animal peroxidases, such as 
tryptophan peroxidase, show considerable substrate specificity 
(4). Since reduced glutathione peroxidase differs from most 
other peroxidase enzymes in that cyanide and azide fail to 
inhibit its activity (1), it appears likely that there might be 
differences in specificity for hydrogen donors. In the present 
study, the enzyme specificity of reduced glutathione peroxidase 
has been studied from several different aspects. First, we have 
studied the nature of the hydrogen donor which is necessary 
for the reduction of hydrogen peroxide in the presence of peroxi- 
dase. In addition, other hydrogen donors have been utilized 
in place of ascorbic acid in the reaction with oxyhemoglobin to 
yield hydrogen peroxide, and the ability of the peroxidase- 
reduced glutathione system to protect hemoglobin from oxida- 
tion under these conditions has been determined. 


EXPERIMENTAL 


Materials—Crystalline rat oxyhemoglobin was prepared by 
the method of Heidelberger (7) after slight modification to 
adapt the procedure for use with rat blood. Solutions of cys- 
teinylglycine (Schwarz Laboratories, Inc.), ergothioneine (Cal- 
ifornia Foundation for Biochemical Research), thiomalate, 
cysteine, GSH, ascorbic acid, sodium azide, epinephrine, acetyl- 


* This work was supported in part by a research grant from the 
National Heart Institute, United States Public Health Service. 
A preliminary report of this material was presented previously 
(Federation Proc., 17, 276 (1958)). 


phenylhydrazine and hydrogen peroxide were prepared fresh 
as needed for the various experimental procedures. The hydro- 
gen peroxide concentration was determined by titration with a 
standardized permanganate solution. Horseradish peroxidase 
was obtained from Nutritional Biochemicals Corporation. 
Diethylaminoethy] cellulose! was prepared from Solka-Floc as 
described by Peterson and Sober (8). Titration curves of the 
lyophilized preparation showed the presence of 0.9 m.eq. of 
ionizing groups per gm. of dry material. 

Methods—All spectrophotometric measurements were made 
with a model DU Beckman spectrophotometer. Optical density 
readings at 270 my were used as a routine measure of the pro- 
tein concentration in eluent fractions. The optical density 
readings at 270 my of a solution of the purified enzyme prepara- 
tion were correlated with the protein nitrogen content of this 
same sample by a nitrogen analysis carried out by the Kjeldahl 
procedure (9). Catalase activity was measured by the method 
of Feinstein (10). 

Peroxidase Assay Procedure 1—In this procedure the ability 
of the peroxidase-GSH system to prevent the oxidative break- 
down of hemoglobin is utilized as a measure of peroxidase activ- 
ity. Each sample contained 2.4 ml. of hemoglobin (crystalline 
rat oxyhemoglobin, 0.125 gm. per 100 ml., in an isotonic Krebs- 
Ringer phosphate buffer, pH 7.3), 0.20 ml. of 0.15 m sodium 
azide, 0.050 ml. of 4.8 x 10-? m GSH, an appropriate volume 
of the peroxidase solution, sufficient 0.15 m NaCl to make the 
final volume of each sample 3.00 ml., and 0.10 ml. of 2.4 « 107 
M ascorbic acid. The samples were incubated at 37° in test 
tubes without shaking. After 90 minutes of incubation, the 
reaction was stopped by treating the sample with carbon mon- 
oxide, and choleglobin was determined as described previously 
(1, 2). For a single quantitative assay, samples containing 
four to six different concentrations of enzyme were prepared 
in addition to a control sample which contained no enzyme. 
A blank sample, containing only hemoglobin and saline, was 
analyzed without incubation. The choleglobin concentration 
in these samples was then plotted against the enzyme concentra- 
tion. The amount of enzyme producing a 50 per cent inhibition 
in choleglobin formation under these conditions has arbitrarily 
been designated to represent 1 unit of enzyme activity. Assay 
procedure 1 may be used for the qualitative assay of fractions 
from a column by using the percentage of inhibition of chole- 
globin formation as an indication of the presence of GSH _per- 
oxidase in the sample. In assays of this type, it is convenient 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; DEAE-cellulose, diethylaminoethyl cellulose. 
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to combine the hemoglobin, azide, GSH, and NaCl, so that 
only the enzyme solution and the ascorbic acid are added in- 
dividually to each tube. 

Peroxidase Assay Procedure 2—In this procedure, the rate of 
oxidation of GSH by hydrogen peroxide is used as a measure 
of peroxidase activity. GSH remaining in solution at a given 
time is determined by the mercuribenzoate procedure of Boyer 
(11). EDTA was utilized in the incubation mixture to reduce 
the nonenzymatic reaction rate to a low level. GSH-EDTA- 
buffer solution, 0.5 ml., (4.0 « 10-* Mm GSH and 4.0 « 10-4 mM 
EDTA in a 0.40 m phosphate buffer, pH 7.0) was added to a 
test tube containing an appropriate volume of the peroxidase 
solution and sufficient water to bring the volume to 4.50 ml. 
After a preincubation period of 5 minutes at 37°, the reaction 
was started by adding to each sample 0.50 ml. of 2.0 x 10-3 m 
H.O. (warmed to 37°). The samples were incubated at 37° 
without shaking and at three minute intervals, aliquots were 
removed and analyzed for GSH in the following manner. A 
1.00-ml. aliquot of the sample was added to a test tube contain- 
ing 2.00 ml. of 1 M acetate buffer (pH 4.6), 1.00 ml. of 0.010 m 
MgClo, and 1.00 ml. of 6.0 K 10-4 m p-mercuribenzoate. The 
mercuribenzoate and acetate buffer stop the reaction of hydrogen 
peroxide and GSH and the latter is converted to the glutathione- 
mercuribenzoate complex. The presence of hydrogen peroxide 
in the sample does not affect the stability of the complex and 
optical density readings on the sample may be taken at any time 
between 15 minutes and 2 hours. The amount of GSH may 
be readily calculated from the optical density reading of the 
sample at 255 mu. The presence of MgCl, in the sample pre- 
vents EDTA from interfering in the GSH determination. The 
“zero” time GSH concentration is determined in the same man- 
ner using an aliquot from a sample treated similarly but con- 
taining water in place of hydrogen peroxide. A blank sample 
containing all of the above reagents but no peroxidase is always 
run simultaneously in order to determine the rate of the non- 
enzymatic reaction of GSH and hydrogen peroxide. The GSH 
concentration in the incubated sample after 3, 6, and 9 minutes 
is plotted as shown in Fig. 1, and a straight line is drawn through 
the points. The enzyme activity is then determined using the 
equation of Tsuboi, et al. (12): activity = 10 (log Co — log Cg). 
Cy is the initial GSH concentration and Cs, is the GSH concen- 
tration after 6 minutes as determined from the graph. The 
activity of the blank sample is subtracted in order to determine 
the enzyme-catalyzed activity. This type of assay may be 
utilized to determine enzyme activity in the later stages of a 
purification procedure.2. With purified enzyme _ preparations 
the absorption at 255 mu due to protein is negligible. With 
impure preparations, the presence of inactive proteins or hemo- 
globin would necessitate a preliminary deproteinization in order 
to determine GSH and thus make this procedure much too 
difficult for routine use. Therefore, with impure enzyme prep- 
arations, assay procedure | is much easier to use. 


RESULTS AND DISCUSSION 


Purification of GSH Peroxidase on DEAE-cellulose Column— 
An erythrocyte enzyme preparation as used previously (1) was 
prepared from 1800 ml. of bovine blood by the acetone precipi- 


? Assays of the Fraction F, enzyme preparation indicate that 
one unit of activity by assay procedure 1 is equivalent to approx- 
imately 1.5 units by assay procedure 2. 
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INCUBATION TIME IN MINUTES 
Fic. 1. The reaction of H2O2 and GSH in the presence of GSH 
peroxidase. The experiment was carried out as described in the 
text (assay procedure 2). Curve 1, with 0.10 ml. of the F, per- 
oxidase preparation per sample; Curve 2, with no peroxidase. 


O14 PROTEIN CONTENT 
Dero. 
. 
100- PEROXIDASE ACTIVITY 
50 ; 
0.50: CATALASE ACTIVITY 
0.25: 


5S 00 
ML. OF ELUATE 

Fic. 2. Rechromatography of F; enzyme fraction on a DEAE- 
cellulose column. The experimental conditions are described 
in the text. Assay procedure 1] was used as a qualitative measure 
of peroxidase activity which is expressed in terms of percentage 
of inhibition of choleglobin formation. A 1.10 ml. aliquot of a 
1:20 dilution of the eluent fractions was used foreach assay. The 
optical density readings at 270 my were also made on 1:20 dilutions 
of the eluent fractions. Catalase activity is expressed in terms of 
m.eq. of perborate destroyed per ml. of a 1:20 dilution of the 
eluent fractions. The eluent fractions within the markers were 
pooled and quantitatively assayed for peroxidase activity (F2 
enzyme fraction). 


tation procedure* of Adams and Smith (13). The acetone 
precipitate was recovered by centrifugation, dissolved in water, 
frozen and stored in the Deep Freeze until used. 

The frozen enzyme preparation was thawed and denatured 
proteins were removed by centrifugation. Phosphate buffer, 
pH 7.0, was added to the supernatant fluid to give a phosphate 
concentration of 0.005 m and the solution was run onto a DEAE- 
cellulose column (12.7 em. < 7.1 ¢m.*) prepared as described by 
Sober, et al. (14). Gradient elution was started using a 0.250 
mM phosphate buffer, pH 7.0, in the upper reservoir and 500 mi. 
of 0.005 m phosphate buffer, pH 7.0, in the mixing reservoir. 
The elution was carried out at room temperature and an auto- 
matic fraction collector was used to collect fractions. The 
column flow rate was approximtely 1.5 ml. per minute and 
fractions containing approximately 14 ml. each were collected. 
The fractions were assayed qualitatively for GSH peroxidase 
and quantitatively for protein content and catalase activity. 
The peroxidase activity appeared in the eluent fractions (110 to 
290 ml.) slightly ahead of the catalase activity (210 to 450 ml.). 
The fractions containing peroxidase activity were combined 
(Fraction F,) and quantitatively assayed for peroxidase activity. 
They were dialyzed against a 0.005 m phosphate buffer, pH 


* The procedure of Adams and Smith was slightly modified by 
omitting the pH adjustment step before the addition of acetone. 
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TABLE I 
Summary of GSH peroxidase purification procedure 
er Specific activity 
Fraction | ee Protein 
| catalaset 
| unils unils/mg. m.eq./mg. 
Hemoglobin-free, protein r 
F, eluate from column... 7 76,000 | 205 370 4.2 
F. eluate from column... | 34, 400 | 126 274 0.09 


* As determined by assay procedure 1. 
+ Expressed as m.eq. of perborate destroyed per mg. of protein. 


TABLE II 


Effects of various sulfhydryl compounds on choleglobin formation in 
presence or absence of peroridase 

The experiment was carried out essentially as described for as- 
say procedure 1 with azide omitted and the designated sulfhydry! 
compound replacing the GSH. The volume of each reagent was 
increased proportionately in order to provide a sufficient volume 
(10 ml.) in each sample for analyses at different time intervals. 
Final concentrations of the major components in the incubated 
samples were as follows: hemoglobin (crystalline), 0.10 gm. per 
100 ml.; sulfhydryl] compound, 4.0 X 10-* M; and ascorbic acid, 
8.0 X 10-4 m. F.2 GSH peroxidase preparation (0.80 ml.) was 
added to the samples marked with a plus sign. 


; 


Choleglobin formed in 


Sulfhydry!] compound GSH peroxidase | - 


| | 30 min. | 90 min. 

| 4- 10.3 16.4 
Ergothioneine............ | + | 3.6 | 9.3 
Ergothioneine.... | - | 4.0 | 10.2 
Cysteinylglycine......... + | |} 
Thiomalic acid........... | 
None — 4.2 10.4 


7.0, and were subsequently run onto a second DEAE-cellulose 
column (23 cm. * 0.64 em.?). The gradient elution was again 
carried out at pH 7.0 with 500 ml. of 0.005 m buffer in the mixing 
reservoir and 0.250 m buffer in the upper reservoir, with a flow 
rate of approximately 8 ml. per hour. Fig. 2 correlates the 
protein content of the various eluent fractions (approximately 
3 ml. per fraction) with the peroxidase and catalase activities. 

The purification procedures and the degree of purification 
achieved in each step are shown in Table I. Although the 
specific activity of the enzyme preparation eluted from the 
second column (Fraction F:) was less than that of the enzyme 
preparation which was put on the column, all of the catalase 
activity was removed in this purification step. 

Further purification procedures were attempted using carboxy- 
methylcellulose columns (8, 14), but were unsuccessful since 
the protein was not retained on the column at either pH 6.5 
or 5.5 using a 0.005 m phosphate buffer. 
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At the present state of purification the absorption spectra of 
individual eluent fractions with the highest peroxidase specific 
activity show no indication of a Soret band at 400 to 420 mu. 
The Soret band of a heme protein eluted just before the per- 
oxidase and the Soret band of catalase in the fractions eluted 
after the peroxidase are discernible. Consequently, GSH _ per- 
oxidase is probably not a heme enzyme. ‘This is in accord with 
the results of the previous work (1, 2) where it was shown that 
the enzyme was not inhibited by cyanide or azide, both of which 
inhibit heme enzymes. | 

Because of the instability of purified GSH peroxidase,‘ no 
further purification procedures were attempted. Fraction F, 
was divided into 20-ml. portions and stored in the Deep Freeze. 
These portions, when thawed, had an initial activity of approxi- 
mately 40 units per mg. of protein (assay procedure 2). Due 
to loss of enzymatic activity during storage in the refrigerator, 
the enzyme preparation as used in the various experiments had 
an activity ranging from 7 to 20 units per mg. 

Optimal pH of GSH Peroxidase—Measurement of the decrease 
in GSH concentration in the presence of hydrogen peroxide 
(assay procedure 2) was utilized in the determination of the 
optimal pH for GSH peroxidase activity. In these experiments 
the rate of oxidation of GSH by hydrogen peroxide was deter- 
mined in phosphate buffers in the presence (+) or absence (—) 
of the peroxidase preparation. The rates, expressed as umoles 
of GSH oxidized per ml. per minute, were as follows: pH 6.0, 
(+) 0.003, (—) 0.002; pH 6.5, (+) 0.008, (—) 0.002; pH 7.0, 
(+) 0.017, (—) 0.006; pH 7.5, (+) 0.030, (—) 0.015; pH 8.0, 
(+) 0.084, (—) 0.040; pH 8.8, (+) 0.120, (—) 0.067. The 
rapid increase in the rate of the nonenzymatic reaction above 
pH 7.5 makes it difficult to ascertain accurately the effect of 
the enzyme above pH 8.0, but the results indicate that the rate 
of the enzyme-catalyzed reaction is highest at a pH of 8 or 
above. It is significant that GSH peroxidase shows no activity 
at a pH of 6 or below in contrast to various plant peroxidases 
which show optimal activity at pH 4.5 to 5.5 (15). A pH of 7.0 
has been utilized in the experiments described in the following 
sections since the rate of the nonenzymatic reaction of GSH 
and hydrogen peroxide is low at pH 7.0. 

Effect of Various Sulfhydryl Compounds in Protecting Hemo- 
globin from Oxidative Breakdown—Since one of the primary 
functions of GSH peroxidase in erythrocytes appears to be the 
protection of hemoglobin from oxidative breakdown, it is of 
interest to know whether other sulfhydryl compounds might 
serve with peroxidase in this protective function. In Table II 
are shown the results of adding GSH, cysteine, ergothioneine, 
cysteinylglycine, and thiomalic acid, respectively, to the ascorbic 
acid-hemoglobin system in the presence or absence of GSH 
peroxidase. The results of the experiment are complicated by 
the fact that some of these compounds will serve as hydrogen 
donors for the coupled oxidation of hemoglobin thus tending to 
increase the choleglobin formation beyond that produced by 
ascorbic acid alone. The results with GSH are in accord with 
those described previously (1). In the absence of peroxidase, 
GSH causes a slight increase in choleglobin formation while in 


‘Attempts thus far to protect the enzyme from this loss of 
activity have proven unsuccessful. The presence of EDTA, 
GSH, or crystalline bovine serum albumin in separate samples 
of the F, peroxidase preparation did not significantly change the 
rate at which the enzyme activity was lost when stored in the 
refrigerator. 
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the presence of peroxidase the amount of choleglobin is markedly 
reduced. Cysteine, cysteinylglycine, and thiomalate undergo 
a coupled oxidation with oxyhemoglobin since the choleglobin 
formation in samples containing these sulfhydryl] compounds is 
approximately twice that of the control sample. There is some 
indication that the presence of peroxidase in these samples 
causes a reduction in the amount of choleglobin produced, but 
these differences are of questionable significance. When com- 
pared with the control sample, the over-all effect of cysteine, 
cysteinylglycine, and thiomalate in the presence of GSH _per- 
oxidase is to increase the choleglobin formation. Thus, these 
compounds do not protect hemoglobin from oxidative break- 
down. The results with ergothioneine give no indication that 
it might serve either as a hydrogen donor in the coupled oxida- 
tion of hemoglobin or as a hydrogen donor in the peroxidatic 
destruction of hydrogen peroxide. Thus, ergothioneine, a 
normal constituent of erythrocytes, does not bring about oxi- 
dative destruction of hemoglobin nor does it protect hemoglobin 
from oxidative breakdown. 

Effect of Various Hydrogen Donors in Peroxidatic Breakdown 
of Hydrogen Peroxide—Assay procedure 2 was used to study the 
specificity of GSH peroxidase in regard to sulfhydryl hydrogen 
donors. In these experiments, the rate of oxidation of the sulf- 
hydryl compound by hydrogen peroxide at pH 7.0 was deter- 
mined in the presence (+) or absence (—) of the peroxidase 
preparation. The rates, expressed as wmoles of —SH_ onidized 
per ml. per minute, were as follows: GSH, (+) 0.019, (—) 0.005; 
cysteine, (+) 0.065, (—) 0.044; and cysteinylglycine, (+) 0.027, 
(—) 0.023. With the exception of GSH, only cysteine showed 
a significant increase in the rate of oxidation of sulfhydryl groups 
in the presence of peroxidase. The nonenzymatic rate of oxida- 
tion of sulfhydryl] groups was high in the case of both cysteine 
and cysteinylglycine. The presence of peroxidase in samples 
containing cysteinylglycine brought about a slight increase in 
the rate of oxidation of sulfhydryl groups, but the increase is of 
doubtful significance. Thiomalate was not oxidized in sig- 
nificant amounts either with or without peroxidase under the 
conditions of this experiment. 

The results of this experiment are thus essentially in accord 
with the results of the previous experiment in which the effect 
of these sulfhydryl compounds in the protection of hemoglobin 
from oxidation was studied. Although the rate of oxidation of 
cysteine is increased when the enzyme is present, the high rate 
of the nonenzymatic reaction would indicate that the enzyme 
is not necessary for the reaction to proceed. GSH has a low 
nonenzymatic rate of oxidation by hydrogen peroxide, and in 
the presence of peroxidase the rate of oxidation is markedly 
increased. Consequently, these results are in accord with the 
view that GSH is the normal hydrogen donor for this reaction 
inside erythrocytes. 

In additional experiments, GSH peroxidase was tested quali- 
tatively for activity in catalyzing the breakdown of hydrogen 
peroxide with either o-tolidine, pyrogallol, or guaiacol serving 
as a hydrogen donor (5). At a pH of 7 under conditions where 
6 ug. of horse-radish peroxidase produced a marked color change 
within 30 seconds, 1 ml. of Fraction F, GSH peroxidase prep- 
aration produced no change in the color of the sample in 30 
minutes. When tested for activity with GSH as a hydrogen 
donor (assay procedure 2), 30 wg. of horse-radish peroxidase 
showed no activity while the Fraction F, peroxidase preparation 
had an activity of approximately 20 units per ml. Thus, GSH 
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peroxidase does not catalyze the breakdown of hydrogen per- 
oxide in the presence of o-tolidine, guaiacol, or pyrogallol, even 
though these compounds are usually used as hydrogen donors 
in tests for peroxidase activity. 

Utilization of Peroxidase-GSH System in Protection of Hemo- 
globin from Oxidatwe Breakdown—The effectiveness of the 
peroxidase-GSH system in protecting hemoglobin from oxida- 
tive breakdown produced by either ascorbic acid or hydrogen 
peroxide has been shown previously (1, 2). A number of addi- 
tional compounds, such as epinephrine (16), phenylhydrazine 
(17, 18), and acetylphenylhydrazine (19) also react with oxy- 
hemoglobin and lead to a partial destruction of hemoglobin. 
Certain drugs, such as primaquine, acetanilide, and sulfanila- 
mide, which have hemolytic effects in vivo in drug-sensitive 
individuals, appear to react in a manner similar to that of phenyl- 
hydrazine and acetylphenylhydrazine (20). Consequently, it 
is of importance to know the means by which hemoglobin of 
erythrocytes is protected from the deleterious effects of these 
drugs or their metabolites. 

In the present studies, epinephrine, acetylphenylhydrazine, 
and cysteine have been utilized to bring about the oxidative 
breakdown of hemoglobin. The products of hemoglobin break- 
down under these conditions have not been fully characterized. 
In the reaction of epinephrine and oxyhemoglobin, the product 
which is formed appears to be identical with choleglobin, since 
its reduced carbon monoxide derivative shows a sharp absorption 
band at 627 to 630 mu. The reaction of cysteine with oxy- 
hemoglobin yields a product which appears to be predominantly 
choleglobin, but small amounts of other products may also be 
present. Acetylphenylhydrazine undoubtedly leads to a mix- 
ture of oxidative breakdown products of hemoglobin since these 
samples, after treatment with carbon monoxide and dithionite, 
show a general increase in absorption from 600 to 635 my, but 
do not show the distinctive band of carboxycholeglobin at 627 


TaABLe III 


Protection of hemoglobin from oridative breakdown 
by perozidase-GSH system 


The experiment was carried out essentially as described for 
assay procedure | with azide omitted and the designated com- 
pound replacing ascorbic acid. The volume of each reagent was 
increased proportionately in order to provide a sufficient volume 
(10 ml.) in each sample for analyses at different time intervals. 
Kach incubated sample contained hemoglobin (erystalline) 0.10 
gm. per 100 ml., amd GSH, 4.0 X 10°4 mM. The other compounds 
were added as designated to give the following concentrations in 
the incubated samples: cysteine, 1.6 * 1075 M; epinephrine, 5.5 X 
10-4 Mm; and acetylphenylhydrazine, 6.7 <x 104M. GSH per- 
oxidase preparation (0.50 ml.) was added to the samples marked 
with a plus sign. The optical density at 627 mp at zero time in 
these samples was 0.019. 


Optical density of sample 
: at 627 my 
GSH peroxidase 


Sample 

30 min. 9 min. 

Cysteine | + 0.075 0.101 
Cysteine. 0. 106 0.134 
Epinephrine | + 0.045 0.056 
Epinephrine... 0.063 0.091 
Acetylphenylhydrazine + 0.029 0.043 


Acetylphenylhyvdrazine 
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to 630 mu. In order to determine the effect of the peroxidase- 
GSH system, it was necessary to establish conditions whereby 
oxidative breakdown of hemoglobin was submaximal. Under 
these conditions any increase or decrease in the rate of break- 
down of hemoglobin would be readily apparent. The condi- 
tions utilized in the experiments described in Table III were 
found to bring about a submaximal rate of hemoglobin break- 
down. 

In Table III are shown the results of these studies on the 
oxidative breakdown of hemoglobin in the presence or absence 
of GSH peroxidase and GSH. In this experiment, the increase 
in optical density at 627 my after treatment of the sample with 
carbon monoxide and dithionite is used as a measure of hemo- 
globin breakdown. It will be seen that the peroxidase-GSH sys- 
tem is effective in protecting hemoglobin from oxidative break- 
down which is produced by either cysteine, epinephrine or 
acetylphenylhydrazine. It may be inferred that the peroxidase- 
GSH system is also of importance in vivo in protecting hemo- 
globin from the deleterious effects of certain drugs and their 
metabolites. 


SUMMARY 


Column chromatography with a modified cellulose anion 
exchange column (diethylaminoethy! cellulose) has been utilized 
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for purification of the glutathione peroxidase of bovine erythro- 
cytes. By using this purification procedure, the peroxidase 
activity of erythrocytes has been completely separated from 
catalase activity. Two distinct assay procedures for determ- 
ination of glutathione peroxidase activity are also described. 

The hydrogen donor specificity of glutathione peroxidase of 
erythrocytes has been investigated. Reduced glutathione serves 
as the most effective hydrogen donor for the peroxidatic destruc- 
tion of hydrogen peroxide as catalyzed by glutathione peroxidase. 
Pyrogallol, guaiacol, and o-tolidine will not serve as hydrogen 
donors in the peroxidatic breakdown of hydrogen peroxide as 
catalyzed by glutathione peroxidase. 

Glutathione peroxidase has optimal activity at a pH of 8 
or above and shows no significant enzymatic activity at a pH 
of 6 or below. 

The effectiveness of the peroxidase-glutathione system in 
protecting hemoglobin from oxidative breakdown has also been 
studied. This system will protect hemoglobin from oxidative 
breakdown produced by the coupled oxidation of hemoglobin 
with either cysteine, epinephrine, or acetylphenylhydrazine. 
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The authors reported earlier (1) that the crystalline homo- 
serine deaminase-cystathionase prepared from rat livers con- 
tained pyridoxal-5-phosphate as the prosthetic group, and that 
the bound pyridoxal-5-phosphate is responsible for the absorp- 
tion maximum at 427 my. The present paper deals with resolu- 
tion of the enzyme into pyridoxal-5-P and catalytically inactive 
apoenzyme, and the subsequent reconstitution of the active 
enzyme by combining the two components, thus establishing 
that pyridoxal-5-P is the coenzyme of this enzyme. In addition, 
the inhibition and activation of the enzyme by a variety of 
substances have also been studied. 


EXPERIMENTAL 
Materials and Methods 


A crystalline preparation of the homoserine deaminase- 
cystathionase of rat liver of specific activity 340 in 1.6 per cent 
solution in 0.1 M potassium phosphate buffer, pH 7.2, stored 
frozen for about 6 months at —15°, was used in this work. 
The preparation had been subjected to repeated thawing and 
freezing during this interval. For use, 5 to 11 wl. of the stock 
solution were diluted about 300 times with distilled water or a 
given buffer, and 0.10-ml. aliquots of the diluted solution were 
used for each incubation. 

4-Deoxypyridoxine-5-phosphate was the generous gift of 
Dr. E. A. Peterson of the National Cancer Institute. Ethyl- 
enediamine di-o-hydroxyphenylacetic acid and various metal- 
EDTA! complexes were kindly supplied by the Geigy Chemical 
Corporation. Sodium borohydride was obtained from Metal 
Hydrides, Inc. Its purity was claimed to be more than 98 
per cent, and it was used without further purification. The 
sources and purity of other compounds used are given in Paper 
] of this series (2). 

Enzyme Assay—The method of enzyme assay was described 
in the first paper of this series (2). However, BAL, previously 
included in the standard incubation mixtures, was replaced 
with 2-mercaptoethanol, mainly because the latter compound 
is more soluble in aqueous solutions. Unless specified otherwise, 
all of the components, except the enzyme and substrate, were 


* Aided by research grants from the Life Insurance Medical 
Research Fund, and the National Heart Institute (No. H-3074), 
National Institutes of Health. 

+t Deceased, August 30, 1958 at Kyoto, Japan. 

‘The abbreviations used are: BAL, 2,3-dimercaptopropanol; 
EDTA, ethylenediaminetetraacetate; ME, 2-mercaptoethanol; 
Tris, tris(hydroxymethyl)aminomethane. 


first mixed in the incubation vessel, and then the enzyme solu- 
tion was added. This mixture was preincubated without sub- 
strate, when desired. Substrate was added to the rest of the 
system as a 0.20-ml. aliquot of an aqueous solution, adjusted 
to the desired pH. 

Enzymic activity, for convenience, was usually expressed in 
terms of the O. D.5:; of the alkaline solutions of the 2,4-dinitro- 
phenylhydrazone of a-ketobutyrate formed from homoserine, 
as described previously (2). An O. D.s:5 of 0.56 was equivalent 
to the formation of 1 umole of the keto acid under the conditions 
of assay. 

The concentration of pyridoxal-5-P was determined by meas- 
uring the optical density at 295 my in 0.1 m hydrochloric acid. 
A molar extinction coefficient of 6700 (3) was used to calculate 
the concentration of pyridoxal-5-P in the acid solution. 


Resolution of Enzyme 


The observations that led to the development of a successful 
procedure for the resolution of the enzyme were as follows. 
(a) Solutions of the enzyme in Tris buffer, but not in phosphate 
buffer of the same pH, rapidly decreased in activity when stored 
at 5°; a white precipitate of insoluble inactive protein accom- 
panied the loss in enzyme activity. (6) Addition of 2-mer- 
captoethanol prevented the denaturation of the enzyme in 
Tris buffer. (c) The absorption peak representing the bound 
pyridoxal-5-P of the enzyme was lower in Tris buffer than in 
phosphate buffer (1). These observations suggested that Tris 
buffer competed with the enzyme for pyridoxal-5-P and that 
the presence of a sulfhydryl compound protected the enzyme 
protein against denaturation. 

Procedure of Enzyme Resolution—2 ml. of a 1.6 per cent solu- 
tion of crystalline enzyme were dialyzed at 5° for 5 days against 
250-ml. portions of 0.2 m Tris buffer, pH 8.0, containing 0.01 
M EDTA and 0.003 m ME. The buffer solution was changed 
every 12 hours. EDTA was added to the buffer because this 
reagent showed a stimulating effect upon the activity of the 
enzyme, as discussed below. At the beginning of the dialysis, 
the enzyme solution had a deep yellow color with a slight red 
tinge. The yellow color decreased in intensity as the dialysis 
was continued and after 4 days almost disappeared. However, 
a faint pink color persisted to the end. On the other hand, 
the dialysate was definitely colored yellow for the first three 
changes of the buffer solution. Only a very small amount of 
insoluble matter was present at the end of the dialysis. 
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Fic. 1. Upper curve, absorption spectrum of unresolved en- 
zyme in 0.2 m phosphate buffer, pH 7.5; lcwer curve, absorption 
spectrum of resolved enzyme in 0.2 M phosphate buffer, pH 7.2. 
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The decolorized enzyme was then dialyzed against 0.05 m 
potassium phosphate buffer, pH 7.2, containing 0.01 m EDTA 
and 0.003 m ME. This second dialysis was continued for 8 
hours with two changes of the buffer solution. At the end of 
dialysis, the insoluble matter was removed by centrifugation, 
and the clear, nearly colorless, supernatant solution was stored 
at 5°. 

Absorption Spectrum of Resolved Enzyme—The absorption 
spectra of the enzyme before and after prolonged dialysis in 
Tris buffer are shown in Fig. 1. The absorption peak due to 
the bound pyridoxal-5-P (Amax 427 my) of the undialyzed enzyme 
was absent from the spectrum of the dialyzed enzyme, indicating 
virtually complete removal of the prosthetic group from the 
enzyme protein. The resolved enzyme showed a slight absorp- 
tion in the wave length region of 300 to 500 mu. This may be 
associated with the reddish tint of the original enzyme prepara- 
tion that remained throughout the process of resolution. 

Reactivation of Resolved Enzyme—The resolved enzyme showed 
no activity on homoserine unless pyridoxal-5-P was added to 
the medium of the assay (Table I); this indicated that the 
resolution was essentially complete. The addition of EDTA 
and 2-mercaptoethanol increased the enzyme activity in the 
presence, but not in the absence, of pyridoxal-5-P. Similarly, 
addition of the latter was essential for enzyme activity when 
either cystathionine or cysteine was used as a substrate (Table 
II). This proves that pyridoxal-5-P is involved in the three 
reactions catalyzed by the crystalline enzyme preparation. 

When reconstituted immediately after resolution, the enzyme 
exhibited approximately 70 per cent of the specific activity of 
the unresolved enzyme. A 0.15 per cent solution of the resolved 
enzyme in 0.2 m phosphate buffer, pH 7.2, containing 10-3 mM 
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EDTA, was allowed to react with 5 x 10-4 mM pyridoxal-5-P 
for 30 minutes at 0°. Assay of diluted aliquots of this material 
on homoserine gave an increase in specific activity from 2, before 
reactivation, to 243 wmoles per hour per mg. of protein (un- 
resolved enzyme = 340). However, the activity of the resolved 
enzyme stored at 5° decreased rapidly. Approximately 50 
per cent of the activity of the freshly resolved enzyme was lost 
in 24 days, and 70 per cent was lost in 52 days. Addition of 
pyridoxal-5-P to the solution of the resolved enzyme preverted 
the loss of activity. 

Dissociation Constant for Pyridoxal-5-P—This was evaluated 
by recombining the resolved enzyme with various molar equiv- 
alents of pyridoxal-5-P in the following manner. 0.10-ml. 
aliquots of the resolved enzyme, containing 1.15 mg. of protein 
(6 X 10-* mole of enzyme (see (2) for molecular weight data of 
enzyme) were mixed with 0.90-ml. portions of 0.1 mM potassium 
phosphate buffer, pH 7.5, which contained from 5.9 x 10-9 
mole to 68.2 X 10-° mole of pyridoxal-5-P. After standing for 
30 minutes at 0°, the mixtures were diluted 15-fold with the 
buffer, and 0.10-ml. aliquots of the diluted apoenzyme-coen- 
zyme solutions were assayed for enzyme activity in reaction 
mixtures of 1.0 ml., total volume. These reaction mixtures 
now contained concentrations of 3.9 10-8 M enzyme proteins 


TABLE I 
Activation of resolved enzyme by pyridozal-5-P 
Resolved enzyme (~7.5 ug.) was incubated with pL-homoserine 
(0.016 mM) in three buffers (0.1 mM, pH 7.5). Other components of 
the incubation mixtures were pyridoxal-5-P, 5 X 10-5 m; EDTA, 
7X mM; ME, 7.5 X 10-3 =Preincubation was carried out for 
20 minutes at 37°. 


Activity 

ine-HCl 
Pyridoxal-5-P + EDTA............ 0.350 0.273 0.184 
Pyridoxal-5-P + ME............... 0.378 0). 266 0.228 
Pyridoxal-5-P + EDTA + ME..... 0.442 0.320 0). 262 


* This buffer was prepared with K,HPO, of low Fe content (4 
umoles per mole) purchased from LaMotte Chemical Products 
Company, and KH2PQ, which was recrystallized three times from 
hot solution in deionized water. 


TABLE II 
Activity of resolved enzyme on cystathionine and cysteine 
Resolved enzyme was incubated with pL-cystathionine and 
L-cysteine in 0.1 M potassium phosphate buffer, pH 7.5, containing 
EDTA (7 X 10-3 mM), ME (7.5 X 10-3 mM), and pyridoxal-5-P (5 X 
10-5 m) as indicated. Preincubation was carried out for 10 min- 


utes at 37°. 
Substrate Py O. D.s15 
BE. 
5.1 0.01 M pL-cystathionine — 0.002 
5.1 0.01 M pL-cystathionine + 0.224 
5] 0.01 mM L-cysteine — 0.001 
51 0.01 M L-cysteine +- 0.160 
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(about 7.2 wg per ml.) and pyridoxal-5-P from 3.9 x 10-8 m 
to 4.55 X 10-7 mM. The assay system also contained 0.1 m potas- 
sium phosphate buffer, pH 7.5, 7 * 10-3? m EDTA, 7.5 x 10-3 
m ME, and 0.016 m pit-homoserine. A double reciprocal plot 
of the values obtained from this experiment is drawn in Fig. 2. 
The Michaelis constant for the coenzyme was estimated from 
the graph to be 4.3 < 10-7 mM. This value should be a close 
approximation to the true dissociation constant of the apoen- 
zyme complex. 

Pyridoxal, pyridoxine, pyridoxamine, pyridoxamine phos- 
phate, and 4-deoxypyridoxine phosphate failed to activate the 
resolved enzyme (Table III). It is also shown in Table III 
that preincubating the resolved enzyme with these compounds 
did not interfere with the activation by pyridoxal-5-P. 

Reaction of Apoenzyme with Pyridoxal Phosphate—A spectro- 
photometric study on the interaction of pyridoxal-5-P and a 
partially resolved enzyme has been previously reported (1). 
A similar experiment was performed with the resolved enzyme. 
7.7 X 10-° mole of the resolved enzyme in 0.10 ml. of 0.05 m 
potassium phosphate buffer, pH 7.2, containing 0.01 m EDTA 
and 0.003 m ME, was diluted to 0.80 ml. with 0.2 mM potassium 
phosphate buffer, pH 7.5. To this solution was added 0.10 
ml. of 1.7 X 10-4 Mm solution of pyridoxal-5-P in water. The 
blank contained buffer, EDTA, and 2-mercaptoethanol as in 
the sample, but did not contain apoenzyme or pyridoxal-5-P. 
The result plotted in Fig. 3 shows that the optical density at 
430 my increased upon addition of pyridoxal-5-P, reaching a 
plateau after only about 30 minutes at room temperature. This 
indicated that the interaction of apoenzyme and pyridoxal-5-P 
is a rather slow reaction. It should be noted that in the re- 
action mixture the molar ratio of pyridoxal-5-P to apoenzyme 
was 2.2; this is below the saturation level of the apoenzyme with 
pyridoxal-5-P, as discussed below. 

The absorption curves of the reconstituted enzyme upon 
addition of varying concentrations of pyridoxal-5-P are plotted 
in Fig. 4. The spectra shown in this figure were measured in a 
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Fic. 2. Effect of concentration of pyridoxal phosphate on the 
activity of apoenzyme on homoserine. 
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TaBLe III 
Activation of resolved enzyme by derivatives of pyridorine 

Approximately 7.5 ug. of the resolved enzyme were incubated 
with pL-homoserine (0.016 m) in 0.1 M potassium phosphate buffer, 
pH 7.5, containing EDTA (7 X 10-3 Mm), ME (7.5 X 107-3 m), and 
the derivatives of vitamin Be as indicated. Preincubation was 
carried out for 10 minutes at 37°. The resolved enzyme was 24 
days old by the time this experiment was performed. 


First preincubation with | Second preincubation with O. D.sis 
Pyridoxal-5-P,5 XK 10-5m (0.226 
Pyridoxal, 10-4 m 0.002 
Pyridoxamine, 10-4 0.000 
Pyridoxine, 0.000 
Pyridoxamine phos- 0.000 
phate, 10-* 
4-Deoxypvridoxine phos- | 0.000 
phate, 10-4 
Pyridoxamine phosphate, Pyridoxal-5-P,5 10-5m 0.223 
10-3 
4-Deoxypyridoxine phos- | Pyridoxal-5-P,5 X 10-5m 0.230 
phate, 10-3 
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Fig. 3. Change in optical density at 430 my caused by the in- 
teraction of apoenzyme (Apo) and pyridoxal phosphate (PLP). 


total volume of 0.90 ml. containing 7.7 « 10-° mole of the re- 
solved enzyme. The resolved enzyme, when reconstituted, had 
a specific activity of 232, or 68 per cent of the specific activity 
of the unresolved enzyme. The samples contained 0.15 m 
potassium phosphate buffer, pH 7.6, except one tube, which 
contained 0.15 m borate buffer, pH 7.8, as discussed below. 
All the reaction mixtures were allowed to stand at room tem- 
perature for 1 hour before their spectra were determined. When 
1.7 < 10-* mole of pyridoxal-5-P (2.2 times the molar equivalent 
of apoenzyme) was included in the solution of apoenzyme in 
the phosphate buffer, an absorption maximum appeared at 
about 427 mu. The shape of this peak is quite similar to that 
of the bound pyridoxal-5-P contained in the unresolved enzyme. 
This indicated that the amount of pyridoxal-5-P added was 
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Fic. 4. Absorption spectrum of resolved enzyme (7.7 & 10-9 
mole) measured in 0.90-ml. volume in the presence of various 
amounts of pyridoxal phosphate. The figure near the curve in- 
dicates the amount (mole) of coenzyme added. Buffer used was 
0.15 m phosphate, pH 7.6, except in one case (broken line) in which 
0.15 m borate buffer, pH 7.8, was used. 


almost entirely bound by the enzyme protein. When _ the 
amount of pyridoxal-5-P was increased to 3.1 x 10-% moles 
(4 times the apoenzyme equivalent), the absorption maximum 
was at 422 to 424 my, and a shoulder appeared at about 395 
my. This suggested the presence of free pyridoxal-5-P, which 
absorbs maximally at 388 my in the system. As the amount of 
pyridoxal-5-P added was further increased to 7.7 xX 10-* mole 
(10 times the apoenzyme equivalent), the peak was shifted to 
400 my and a secondary peak appeared at about 330 my, ap- 
parently due to the secondary peak of free pyridoxal-5-P. 

However, when 7.7 X 10-* moles of pyridoxal-5-P was added 
to apoenzyme solution in the borate buffer, the absorption 
maximum returned again at 426 my, and the shape of the curve 
indicated that free pyridoxal-5-P was not contributing to the 
spectrum ‘in the 360 to 480 my region. This phenomenon can 
be explained from the finding that pyridoxal-5-P forms a com- 
plex with borate, and that the complex has a single absorption 
maximum at 291 my, but does not absorb beyond 360 mu. 
Also it was observed, as discussed subsequently, that the ac- 
tivity of the enzyme measured in borate buffer was only slightly 
less than the value obtained in phosphate buffer, indicating 
that the enzyme protein has a much greater affinity for pyri- 
doxal-5-P than has the borate. Consequently, the spectrum 
beyond 360 my of apoenzyme measured in the borate buffer, 
in the presence of an excess of pyridoxal-5-P, approximates the 
spectrum of the apoenzyme saturated with a stoichiometric 
quantity of the coenzyme. 
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If it is assumed that the height of the 427 my peak is linearly 
proportional to the amount of pyridoxal-5-P bound to the 
enzyme protein, and that 1.7 x 10-* mole of pyridoxal-5-P 
was in fact entirely bound by the apoenzyme, the spectrum 
determined in the borate buffer, containing 7.7 x 10-* mole of 
pyridoxal-5-P, is approximately equivalent to 2.1 x 10-® mole 
of bound pyridoxal-5-P. Since the amount of apoenzyme in 
the system was 7.7 X 10-* mole, the above figure suggests that 
1 mole of apoenzyme binds 2.8 moles of pyridoxal-5-P.? 


Reduction of Enzyme with Sodium Borohydride 


A solution of pyridoxal-5-P in 0.1 m sodium hydroxide loses 
its yellow color immediately upon addition of sodium boro- 
hydride. The absorption spectrum of the colorless solution 
indicated that the formyl group of pyridoxal-5-P had been 
reduced to a methylol group. Although pyridoxal-5-P forms 
a colorless complex with borate ion below pH 9 (Amax 291 my; 
at pH 8.7), such a complex is not formed in 0.1 mM sodium hy- 
droxide solution. Therefore, the disappearance of the yellow 
color of pyridoxal-5-P in the presence of the borohydride is not 
caused by the reaction of the former and borate, which is formed 
as the borohydride reacts with water. It was shown spectro- 
photometrically that reduction of pyridoxal-5-P by sodium 
borohydride could also be achieved at a neutral pH. 

Since the formyl group of pyridoxal-5-P is considered to be 
the site of binding, through Schiff base formation, of the amino 
acid substrate to the enzyme, it was of interest to study the 
effect of sodium borohydride on the enzyme activity. It should 
be expected that reduction of the coenzyme to pyridoxine phos- 
phate would inactivate the enzyme. 

Reduction of Enzyme with Sodium Borohydride—\1 ml. of a 
stock solution of crystalline enzyme was dialyzed against two 
changes of 500 ml. of cold, distilled water for the period of 18 
hours. A small quantity of precipitate formed during the di- 
alysis was removed by centrifugation. The supernatant liquid 
containing the yellow, active enzyme was then dialyzed for 5 
minutes against 50 ml. of cold 0.005 mM aqueous solution of 
sodium borohydride. By this treatment the yellow color of 
the enzyme was lost in the first several seconds.* At the end 
of the 5-minute period, the cellophane bag was transferred to 
500 ml. of cold, distilled water, and dialysis was continued for 
3 hours with two changes of distilled water. A small quantity 
of insoluble matter appeared during the process of reduction 
and subsequent dialysis, and was removed by centrifugation. 

It was necessary to carry out the reduction step in distilled 
water, because the borohydride decomposed rapidly in neutral 
phosphate buffer with vigorous evolution of hydrogen gas, and 

this causes denaturation of the enzyme, due to foaming. 

The absorption spectrum of the reduced enzyme was deter- 
mined in 0.1 M potassium phosphate buffer, pH 7.2 (Fig. 5). 
It is apparent that the absorption maximum that gives the 
enzyme its yellow color (Amax 427 my) is shifted to 340 my in 
the reduced enzyme. This change was rather unexpected be- 
cause pyridoxine phosphate has an absorption maximum at 
325 my at this pH. If pyridoxine phosphate formed from 


2 If only the ‘‘active’’ protein interacts with the coenzyme, 
since the specific activity of the apoenzyme was 68 per cent of the 
unresolved enzyme, 4 moles of PLP should be bound per mole of 
“active’’ apoenzyme. 

3 The enzyme was not decolorized after 20 hours in 0.2 m borate 
buffer, pH 8.3. 


— 


— 


510 | 

} 
| 

450 

| 

| 

| 

| 

| 

| 

| 

| 
t 


March 1959 


pyridoxal-5-P had formed a complex with borate ion, produced 
by the destruction of the borohydride, the absorption maximum 
should have shifted to a still shorter wave length. Also, it is im- 
probable that a significant amount of borate ion was present in 
the preparation after the period of dialysis to which the reduced 
enzyme was subjected. It seems reasonable, then, that the ab- 
sorption peak at 340 my represents pyridoxine phosphate that is 
bound to the apoenzyme. The 15 my bathochromic shift of the 
absorption maximum could be the result of the interaction of 
pyridoxine with the apoenzyme. To rule out the possibility that 
part of the coenzyme was released as pyridoxine phosphate dur- 
ing reduction and lost in the subsequent dialysis, another enzyme 
preparation of O. D.42; to O. D.250 ratio of 0.244, was reduced by 
the method described above; the ratio of O. D.3 9 to O. D.2s9 be- 
came 0.224. On the assumptions that the molar extinction co- 
efficient of the bound pyridoxal-5-P at pH 7 was 8900 (1) and 
that absorption at 280 my was unaffected by reduction, the re- 
duced, bound coenzyme has a molar extinction coefficient of 
8100 at 340 mu. This value agrees well with the reported figure 
for pyridoxine phosphate and other vitamin B, derivatives that 
do not have a formyl] group at position 4 (3). This result indi- 
cates that the coenzyme was not dialyzed out during the process 
of reduction. It was also observed that the ratio of O. D.s40 to 
O. D..%9 of the reduced enzyme was not altered by dialysis for 20 
hours, indicating that the chromophore responsible for the ab- 
sorption at 340 my is bound to undialyzable material. 

In 0.1 mM sodium hydroxide the reduced enzyme showed a 
single absorption peak at 290 mu. Presumably the absorption 
peak of the reduced prosthetic group was shifted to a shorter 
wave length under this condition, which was obscured by the 
protein peak at 290 my. Pyridoxine phosphate gives an ab- 
sorption peak at 310 my in 0.1 M sodium hydroxide (3). The 
absorption spectrum of the reduced enzyme at pH 4.0 (sodium 
acetate buffer) was quite similar to that measured in the phos- 
phate buffer, pH 7.2. 

In an unsuccessful attempt to isolate and identify the reduced 
prosthetic group, a solution of the reduced enzyme was made 
acid by the addition of hydrochloric acid, and the resulting 
protein precipitate removed by centrifugation. similar 
procedure has been described for the successful isolation of 
pyridoxal-5-P from the intact enzyme (1). In the case of the 
reduced enzyme, however, the absorption spectrum of the su- 
pernatant liquid showed no definite peak other than that prob- 
ably represented by the residual protein. This indicated that the 
reduced prosthetic group is very firmly bound to the enzyme 
protein, hence it coprecipitated with the protein upon acidifica- 
tion. Such a firm bonding of the prosthetic group to the enzyme 
protein may result if the treatment with the borohydride re- 
duced the azomethine bond which is formed between the formy] 
group of pyridoxal-5-P and some amino group on the enzyme 
protein. The reduction of azomethine compounds by sodium 
borohydride has been reported (4). | 

The formation of pyridoxine phosphate by reduction of 
pyridoxal-5-P is, therefore, a reasonable assumption, although 
this has not been verified experimentally. 

Activity of Reduced Enzyme—The enzyme reduced by treat- 
ment with sodium borohydride and assayed in the usual manner 
with homoserine as the substrate, exhibited zero activity with- 
out added pyridoxal-5-P and a specific activity of 22 at 5 x 
10° mM pyridoxal-5-P. 2-Mercaptoethanol stimulated the ac- 
tivity in the presence of pyridoxal-5-P (specific activity = 35 
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Fig. 5. Absorption spectrum of the enzyme treated with sodium 
borohydride. Curve A, in 0.1 Mm phosphate buffer, pH 7.2; Curve 
B, in 0.1 Mm sodium hydroxide. 


250 


at 1.5 10-*M and 47 at3 10°*m ME). The highest activity 
obtained in the presence of pyridoxal-5-P with the reduced 
enzyme was approximately one-eighth of that of the original 
enzyme preparation measured under the same condition, a 
finding which suggests that the reduced prosthetic group re- 
maining bound on the apoenzyme is interfering with the binding 
of added pyridoxal-5-P. The small amount of activity ex- 
hibited by the reactivated enzyme may be attributed to active 
sites on the apoenzyme that had not been occupied by coenzyme 
when the enzyme was reduced, these active sites thus remaining 
free to react with added pyridoxal-5-P. Obviously, however, 
more evidence is required to substantiate this proposal. 


Effect of Various Buffers on Activity 


It was observed very early in this work that the addition of 
EDTA to the incubation mixtures was necessary to achieve 
maximal activity for homoserine deaminase when phosphate 
buffer was used in the system. Because of this EDTA was 
included in the standard incubation mixture (2). When it 
was omitted, the activity in potassium phosphate buffer was 
often significantly lower than the value obtained in Tris buffer 
of the same pH. This apparent activating effect of Tris buffer 
was especially prominent when enzyme was preincubated in 
the buffers before addition of substrate (Table IV). Pyridoxal- 
5-P was not as effective as EDTA in preventing the inactivation 
of the enzyme through preincubation. If both pyridoxal-5-P 
and EDTA were present, a higher activity was obtained in 
phosphate buffer than in Tris buffer. The inhibitory action 
of phosphate buffer is probably due to its content of heavy 
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TABLE IV 
Comparison of phosphate and Tris buffers on activity 
of homoserine deaminase 
Reaction mixtures consisted of: approximately 6 wg. of unre- 
solved enzyme, 0.1 M potassium phosphate (not purified) or Tris- 
HCl, both at pH 7.5. Pyridoxal-5-P (5 X 10-5 Mm) and EDTA 
(7 X 10-3 m) were added as indicated. 


TABLE V 
Homoserine deaminase activity in purified phosphate buffer 
Incubation mixture consisted of approximately 5 ug. of unre- 
solved enzyme; 0.1 M potassium phosphate buffer, pH 7.4, either 
purified or unpurified; pyridoxal-5-P (5 XK 10-5 Mm), EDTA (7 x 
10-3 m), and ME (7.5 X 10-3 M) as indicated. Preincubation was 
carried out for 20 minutes at 37°. 


O. D.s15 
Buffer Pyridoxal-5-P EDTA wae Preincubation 
preincubation for “se at 
Phosphate 0.308 0.094 
_ + 0.340 0.320 
+ _ 0.550 0.290 
+ + 0.600 0.650 
Tris 0.285 0.152 
_ + 0.338 0.340 
4 = 0.410 0.395 
+4 0.476 0.512 
metals. When the inhibitory effect of heavy metals is neu- 


tralized by the addition of EDTA, the activation by pyridoxal- 
5-P would be expected to be more effective in phosphate than 
in Tris buffer, because the latter is capable of forming a complex 
with the coenzyme (5). 

Table I shows the effect of three different buffers on the 
reactivation of the resolved enzyme. The highest activity was 
obtained in phosphate buffer.4. As expected, the activity in 
Tris buffer was significantly lower than in phosphate. The 
activity in triethanolamine buffer was also much smaller than 
in phosphate, but was higher than in Tris. Similar behavior 
was observed with p-serine dehydrase of Escherichia coli (6). 
Inhibition in triethanolamine buffer cannot be attributed to 
Schiff base formation between it and pyridoxal-5-P. It was 
found, also, that the activity of homoserine deaminase, meas- 
ured in the presence of added pyridoxal-5-P, was significantly 
lower in s-collidine-HCl buffer than in phosphate. The mech- 
anism of inhibition by these tertiary amines remains to be 
clarified. 

The activity of the enzyme upon homoserine was slightly 
lower in borate buffer of pH 7.6 to 8.0 than in the phosphate 
buffer of the same pH range. This slight inhibition observed 
in borate buffer may be caused by the formation of a complex 
between pyridoxal-5-P and borate mentioned above. 

Activity in Purified Phosphate Buffer—Commercially available 
phosphate salts all contain iron, with a range of iron content® 
between 4 and 50 wmoles per mole of the salts. Contamination 
by other heavy metals, although not determined, may approach 
the value for iron. Since the standard incubation mixture 
contained 0.1 mM phosphate buffer, the concentration of heavy 
metals in the system should be of the order of 10-7 to 10-* m. 
These levels are quite significant, because the concentration of 
the purified enzyme in the incubation mixture was of the order 


of 10-* m. 


4The phosphate buffer used in this experiment was prepared 
with anhydrous dibasic potassium phosphate (obtained from 
LaMotte Chemical Products Company, Chestertown, Maryland) 
which showed a !ow iron content (4 uwmoles of Fe per mole). 

5 The iron content was measured by a colorimetric method with 


2,2’-bipyridine (7). 


O. D.s1s in 
Additions 

Purified Unpurified 

buffer uffer 
Pyridoxal-5-P + EDTA................. 0.399 0.381 
Pyridoxal-5-P + EDTA +ME......... 0.459 0.416 


The activity of the enzyme on homoserine was determined 
with both highly purified and unpurified potassium phosphate 
buffers (Table V). The phosphate buffer, purified by the oxine- 
chloroform method® gave a higher activity under all conditions. 
It should be noted that the addition of EDTA did not change 
the activity in the purified buffer, whereas a significant increase 
of activity was effected in unpurified phosphate. The result 
indicates that the treatment of phosphate salts with 8-hydroxy- 
quinoline and chloroform removed most of the contaminating 
heavy metals which interfere with the enzyme activity. 

Addition of pyridoxal-5-P always produced considerable 
activation of unresolved enzyme, as noted in Table IV. It 
should be pointed out, however, that the concentration of the 
enzyme in the incubation mixture was roughly 10-§ Mm. Since 
the dissociation constant for pyridoxal-5-P is approximately 
10-7 mM (see above), part of the bound pyridoxal-5-P would be 
dissociated at the enzyme concentration used in the experi- 
ment. Hence, addition of pyridoxal-5-P should cause a stimu- 
lation of enzyme activity even when “unresolved” enzyme is 
used in the incubation. 


Inhibition By Metal Ions 


Table VI summarizes the effect of various metal ions on the 
homoserine deaminase activity of the crystalline enzyme. In 
these experiments approximately 5 yg. of the enzyme were 
preincubated for 20 minutes at 37° with a given metal ion and 


6 The following method was adopted to purify phosphate buffer 
salts (8). About 100 mg. of 8-hydroxyquinoline was added to 11. 
of hot 1 m solution of the salt to be purified and stirred for 20 
minutes. The yellowish mixture, which may not attain complete 
solution, was allowed to cool overnight at room temperature. A 
dark colored precipitate would appear if the solution had a gross 
contamination of heavy metals. The insoluble material was re- 
moved by filtration and the filtrate was extracted twice, each time 
with 100 ml. of chloroform. The first chloroform extract usually 
appeared dark green. Then the aqueous layer was heated to boil- 
ing for 5 minutes, and about 80 mg. of the chelating agent was 
dissolved in it. After the solution had cooled to room tempera- 
ture, it was extracted at least eight times, each time with 150 ml. 
of chloroform. Good mixing of the two phases was obtained by 
means of a heavy-duty magnetic stirrer. Chloroform was re- 
moved from the aqueous layer by heating, and the volume of the 
solution was made to 1 1. by adding distilled water. The optical 
density of the purified 1 mM solution, measured against the un- 
treated solution of the same concentration, was less than 0.008 
from 240 my to 400 mp. This indicated that the removal of 
8-hydroxyquinoline was virtually complete. 
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TaBLeE VI 
Effect of metal tons on homoserine deaminase activity 
Incubation mixtures consisted of approximately 5 ug. of unre- 
solved enzyme; 0.1 mM phosphate buffer (purified), pH 7.4; pyri- 
doxal-5-P,5 X 10-5 M; and metal ions as indicated. Fet*+, Mn**, 
and Zn** were added as sulfates, and the other cations as chlo- 
rides. 


Metal ions added Concentration O. D.s15 Inhibition 
M % 

Experiment 1 

None 0.575 

Fe** 10-4 0.545 

Fe*** 10-4 0.470 

Catt 10-4 0.565 

Mg** 10-4 0.540 

Mn** 10-4 0.570 

10-4 0.505 

Ni** 10-4 0.540 

Zn** 10-4 0.505 

Cr*** 10-4 0.530 
Experiment 2 

None 0. 560 

Cutt 5 X 0.010 98 

Cd** 5 X 1075 0.025 95 

Hg** 5 X 0.000 100 
Experiment 3 

None 0.595 

Cutt 10-8 0.520 13 

Cutt 1077 0.450 24 

Cutt 10-6 0.025 96 

Cutt 10-5 0.000 100 


pyridoxal-5-P (final concentration, 5 x 10°-° M), before the 
addition of substrate. Purified phosphate buffer, pH 7.4, was 
used at a final concentration of 0.1 Mm. EDTA and 2-mercapto- 
ethanol were absent from the system. 

Cutt, Hgt+, and Cd++ showed a strong inhibition. Thus 
all of these metal ions inhibited the enzyme almost completely 
at the concentration of 5 K 10-5 Mm. The inhibition by Cut+ 
was noticeable even at 10-5 M. 

At the concentration of 10-4 mM, Fe++, Fet+*++, Cat+, Mg*t, 
Mn++, Cot+, Nit+, Zn++, and Cr++* produced a small degree 
of inhibition. In no case was there observed a significant 
stimulation of the enzyme by the metal ions tested. 

In a similar experiment the EDTA chelates of various metal 
ions were tested for their effect on the enzyme. The EDTA 
chelates of Zn++, Mg++, Cot+, Mn++, Nit*+, Fet*+, and Cutt, 
tested at 10-4 m concentration, did not cause any stimulation. 
Most of these compounds inhibited the reaction to a small 
extent. The EDTA chelate of copper showed an inhibition of 
20.5 per cent at 10-4m. This value is much smaller than that 
expected from unchelated Cut+ of the same concentration. 


Effect of Metal Chelating Agents 


The effects of certain chelating agents and related compounds 
on the enzyme activity are summarized in Table VII. In this 
experiment, the activity of the resolved enzyme on homoserine 
was determined in the presence of pyridoxal-5-P, EDTA, ME, 
and the compounds to be tested. All of the reagents tested 
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showed some inhibition at the concentration of 2 x 10-3 Mm. 
The most effective inhibitors were o-phenanthroline and 1-ni- 
troso-2-naphthol-3 ,6-disulfonic acid; these compounds inhibited 
the reaction by 20 and 55 per cent, respectively. 

A low concentration (~ 10-4 m) of o-phenanthroline and 8-hy- 
droxyquinoline stimulated the enzyme activity in the unpurified 
phosphate buffer. This may be attributed to the chelation by 
these reagents of harmful heavy metal ions, such as Cut+ and 
Cd++. Since inhibition resulted with the use of a higher con- 
centration of these reagents, the optimal stimulatory effect 
achieved with them was much lower than was obtainable by 
EDTA, which did not inhibit the reaction even at 0.1 m. 

The inhibitory effect of the chelating agents and related com- 
pounds was at least partly, and in some instances completely, 
eliminated in the presence of an increased concentration of 
pyridoxal-5-P. Other investigators have observed the same 
effect of pyridoxal-5-P in counteracting the inhibition of bac- 
terial tryptophanase by chelating agents (9). 

It is noteworthy that 2-hydroxyquinoline, which does not form 
metal chelates (10), caused some degree of inhibition (9 to 25 
per cent). 

In the study of the effect of chelating agents, unpurified 
phosphate buffer was used in most cases, and a concentration 
of EDTA was maintained to protect the enzyme. This raised 
the question of whether the complex of the chelating agents 
and the metals contaminating the buffer might be the cause 
of the inhibition. This is not the case since homoserine deami- 
nase activity was also inhibited in purified phosphate buffer 
and in the absence of EDTA by o-phenanthroline (80 per cent 
inhibition) and 8-hydroxyquinoline (20 per cent inhibition). 


Other Inhibitors 


p-Chloromercuribenzoate, iodosobenzoate, and N-ethylmaleim- 
ide inhibited the enzyme (Table VIII). No inhibition of 
homoserine deaminase activity was observed with 10-° m iodo- 
acetate. Inhibition caused by 5 xX 10°5 mM _ p-chloromercuri- 
benzoate or N-ethylmaleimide was partly relieved by the addi- 
tion of 2 k 10-4m BAL. 

The spectrophotometric titration of the sulfhydryi groups 
of the enzyme by p-chloromercuribenzoate (11) was unsuccessful 


TaB_e VII 
Effect of chelating agents and related compounds on 
homoserine deaminase activity 
Incubation mixtures consisted of approximately 5 ug. of the 


resolved enzyme; 0.1 M potassium phosphate (not purified) buffer, 
pH 7.5; pyridoxal-5-P, 5 KX 10°5 um; EDTA,7 X 10-3 um; ME, 7.5 X 


10-7 um. The concentration of each compound tested was 2 X 10-3 
M. Preincubation for 20 minutes at 37°. 
Compound added O. D.sis_ | Inhibition 

o-Phenanthroline...................... 0.287 20 
2-Hydroxyquinoline.......................... 0.323 9 
0.322 9 
8-Hydroxyquinoline-5-sulfonic 0.310 13 
1-Nitroso-2-naphthol-3 ,6-disulfonie acid... ... 0.160 55 
Ethylenediamine  di(o-hydroxyphenylacetic 
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TaBLeE VIII 
Effect of sulfhydryl reagents on homoserine deaminase 


Reaction mixtures consisted of approximately 6 wg. of unre- 
solved enzyme; 0.1 M potassium phosphate buffer, pH 7.5; and 
5 X 10-5 m pyridoxal-5-P. No preincubation. 


Inhibitor — O. D.sis Inhibition 
M % 
p-Chloromercuribenzoate.... 10-5 0.037 96 
p-Chloromercuribenzoate..... 0.002 100 
Iodosobenzoate............. 10-5 0.600 16 
Iodosobenzoate............. 10-4 0.173 76 
N-ethylmaleimide........... 10-4 0.370 48 
N-ethylmaleimide........... 10-3 0.118 83 


because turbidity developed when p-chloromercuribenzoate, 
to a concentration of 2.2 * 10-5 mM, was added to a 5.8 x 10-6 
M solution of unresolved enzyme. The absorption spectrum of 
this mixture, measured after the insoluble materials were re- 
moved by centrifugation, revealed the characteristic peak of 
the bound pyridoxal-5-P at 427 muy, indicating that the coen- 
zyme was not released by the reaction of p-chloromercuriben- 
zoate and the enzyme under the condition of the experiment. 
Carbonyl reagents such as hydroxylamine, sodium bisulfite, 
cyanide, isonicotinic acid hydrazide, and cysteine all inhibited 
the enzyme activity to a certain extent.’ Cysteine, at 10-3 m, 
inhibited the activity of the enzyme on homoserine and cysta- 
thionine by almost 90 per cent, whereas the same concentration 
of cyanide caused approximately 50 per cent inhibition. The 
inhibition produced was decreased, in the order listed, by hy- 
droxylamine, isonicotinic acid hydrazide, and sodium bisulfite. 


DISCUSSION 


In the previous papers concerning the crystalline enzyme 
that cleaves cystathionine and homoserine, it was established 
that the enzyme contains pyridoxal-5-P as a prosthetic group. 

In this communication, the total resolution of the enzyme into 
apoenzyme and pyridoxal-5-P has been accomplished. Addi- 
tion of the latter to the apoenzyme restores the enzyme activity 
in proportion to the amount of pyridoxal-5-P combined. With 
the restoration of enzyme activity the absorption spectrum 
characteristic of the bound pyridoxal-5-P is re-established. The 
results obtained definitely establish that pyridoxal-5-P is the 
coenzyme as well as the prosthetic group of the enzyme. 

This conclusion is further substantiated by the fact that the 
enzyme is inactivated by the treatment with sodium borohy- 
dride (12). Presumably this reagent reduces the pyridoxal-5-P 
to pyridoxine phosphate. However, there is a possibility that 
the reduction occurs at the azomethine linkage formed between 
the formyl group of pyridoxal-5-P and an amino group of the 
apoenzyme. 

The interaction of apoenzyme and pyridoxal-5-P to yield the 
active enzyme is a comparatively slow reaction. This has also 
been observed with glutamic-aspartic apotransaminase (13). 

No activation of the apoenzyme nor interference with activa- 


7 Activity of enzyme in the presence of the carbonyl reagents 
was assayed by following the production of ammonia, which was 
determined as described earlier (2). 


Homoserine Deaminase-Cystathionase. III 


Vol. 234, No. 3 


tion by pyridoxal-5-P was observed with a number of the vita- 
min Beg derivatives, including pyridoxamine phosphate and 
4-deoxypyridoxine phosphate. In contrast to these findings the 
work of Meister et al. (13) showed that pyridoxine phosphate 
and 4-deoxypyridoxine phosphate competed with pyridoxal-5-P 
and pyridoxamine phosphate for glutamic-aspartic apotrans- 
aminase of pig heart. This apparent contradiction may be 
explained by assuming that, in the case of homoserine deaminase- 
cystathionase, the affinity of pyridoxal-5-P for apoenzyme is 
much greater than that of other phosphorylated vitamin B, 
derivatives. Such view is supported by the finding of Olivard 
and Snell (14), who reported an extremely great variation in the 
ratio of affinity of pyridoxal-5-P and w-methylpyridoxal phos- 
phate to various apoproteins of the vitamin Be.-dependent en- 
zymes. In this connection it is of interest to note that, in the 
three enzymes in which the presence of firmly bound pyridoxal- 
5-P has been established, the mode of binding of the coenzyme, 
judged from the spectrophotometric evidence, seems to be en- 
tirely different (1, 15, 16). 

The exact mechanism of binding of pyridoxal-5-P or pyridox- 
amine phosphate to the apoprotein of vitamin Bs enzymes has 
not been elucidated. It is generally accepted that only the 
phosphorylated forms can be bound to the enzyme protein. 
However, it is not known whether the phosphory! group is the 
only possible linkage between coenzyme, or its analogues, and 
apoenzyme. The formyl group of pyridoxal-5-P may form an 
azomethine linkage with an amino group of apoenzyme, as 
suggested by Jenkins and Sizer for glutamic-aspartic trans- 
aminase of pig heart (16) and by the present authors for homo- 
serine deaminase-cystathionase (1). If such bonding first brings 
the coenzyme close to the binding site of apoenzyme, thus bring- 
ing the reactive radicals of coenzyme and apoenzyme close to- 
gether, it will greatly facilitate the formation of other necessary 
linkages required for the binding of coenzyme. This may partly 
explain the observation of Meister et al. (13) that the reaction of 
pyridoxal-5-P with apotransaminase proceeded faster than 
the reaction of pyridoxamine phosphate and apoenzyme. And, 
once the binding of coenzyme to apoenzyme through all possible 
linkages is completed, the stability of the final complex may be 
expected to be much greater than that of an azomethine linkage 
alone. 

The action of a variety of buffers upon the degree of activity 
of the enzyme has been clarified. Phosphate buffer, prepared 
from commercially manufactured salts, is commonly inhibitory 
to the enzyme because of the presence of contaminating, heavy 
metal ions. Upon rigid purification the inhibitory property 
disappears. Tris buffer lowers the enzyme activity, presumably 
because it competes with the apoenzyme for pyridoxal-5-P. 
It was this observation which suggested the procedure for the 
resolution of the enzyme. Triethanolamine buffer and _s-col- 
lidine buffer also led to lower values of enzyme activity than 
did purified phosphate. The cause of this is not clear. Borate, 
too, produced a slight lowering of the enzyme activity, probably 
because it reacts with pyridoxal-5-P. 

A number of chelating agents was tested for their effect upon 
the enzyme activity. These agents proved to be inhibitory at a 
concentration above 10-* mM. This inhibition could be reversed 
by the addition of pyridoxal-5-P. A number of interpretations 
of these observations is possible. Thus, (a) the chelating agents 
may compete with the coenzyme for a site on the apoenzyme, 
possibly a metal ion (9); (b) some chelating agents may interact 
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directly with the coenzyme, apoenzyme, or both; and (c) some 
chelating agents with an active hydrogen atom may enter in a 
Mannich type reaction with pyridoxal-5-P and a primary or 
secondary amine group of the enzyme. 

It is significant that 2-hydroxyquinoline, which produced a 
degree of inhibition of the enzyme activity comparable with 
that of 8-hydroxyquinoline, does not form a metal chelate (10). 
This indicates that the inhibition by 2-hydroxyquinoline cannot 
be effected through blocking of an essential metal ion on the 
apoenzyme. On the other hand, it should be noted that both 
2-hydroxyquinoline and 8-hydroxyquinoline can enter in Man- 
nich type reactions. Mannich reactions involving 8-hydroxy- 
quinoline and aromatic aldehydes have been reported (17, 18). 

The yellow color of a neutral solution of 1-nitroso-2-naphthol- 
3,6-disulfonate, a potent inhibitor of the enzyme activity, is 
lost by the addition of cysteine, formaldehyde, or sodium boro- 
hydride. In the reaction with cysteine, precipitation of cystine 
occurs eventually. This phenomenon suggests that this chelat- 
ing agent may react with an essential sulfhydryl group on the 
apoenzyme and may also react with the formyl group of the 
coenzyme. 

More experimental data are required to draw definitive con- 
clusions regarding the mechanism of the inhibition caused by 
certain chelating agents. Although grouped under one name, 
the chelating agents consist of many classes of compounds with 
diverse chemical reactivities, in addition to the ability to chelate 
with metals ions. Thus, the inhibition of enzyme activity by 
chelating agents does not necessarily indicate the presence of a 
catalytically active metal in the enzyme reaction. 

In an earlier paper (1) it was reported that a spectrographic 
analysis of the active crystalline enzyme detected no significant 
amount of heavy metal cations that could function as activators. 
It was shown that the enzyme is active without the addition of 
heavy metal ions. Maximal enzyme activity was obtained 
with rigidly purified phosphate buffer, or with commercial 
phosphate in the presence of EDTA. A considerable number of 
metal cations was tested for their effect on the enzyme activity. 
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None proved to be activating and many were inhibitory. Fe+++, 
Co**, and Zn** were moderately inhibitory; Cu++, Hgt+, and 
Cd** were very strong inhibitors. These facts indicate that an 
activating metal ion is not concerned in the action of this enzyme 
upon its substrates. 

The enzyme has been shown to require free sulfhydryl groups 
for activity. It is inactivated by —SH-reacting reagents, and 
this can partly be reversed by BAL. The resolution of the en- 
zyme in Tris buffer in the absence of sulfhydryl compound causes 
the denaturation of the enzyme protein; addition of 2-mercapto- 
ethanol prevents such denaturation. From this it seems likely 
that certain sulfhydryl groups are essential to maintain the 
apoenzyme in an appropriate configuration to be able to bind 
the coenzyme. 


SUMMARY 


Pyridoxal phosphate has been established to be the coenzyme 
of the crystalline homoserine deaminase-cystathionase of the 
rat liver. This was accomplished by the resolution of the en- 
zyme and isolation of the catalytically inactive apoenzyme, 
and the subsequent reconstitution to the active enzyme by 
combining the apoenzyme and pyridoxal phosphate. The 
resolved enzyme lost the absorption peak characteristic of the 
bound coenzyme and the recombined holoenzyme again showed 
the absorption spectrum of the bound pyridoxal phosphate. 
Treatment with sodium borohydride inactivated the enzyme, 
possibly by reducing the azomethine-bonded form of the bound 
coenzyme. The absorption spectrum of the reduced enzyme 
exhibited a peak at 340 my at neutral pH. The spectral prop- 
erties and undialyzability of the reduced coenzyme indicates 
that it may be bound to the enzyme protein by an azomethylene 
group. Enzyme activity was inhibited by certain heavy metals, 
sulfhydry] reagents, carbonyl reagents, and some of the chelating 
agents. Inhibition caused by the chelating agents could partly 
be reversed by adding pyridoxal phosphate; inhibition by sulf- 
hydryl reagents could be partly reversed by 2,3-dimercapto- 
ethanol. 
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A Crystalline Enzyme that Cleaves Homoserine 
and Cystathionine 


IV. MECHANISM OF ACTION, REVERSIBILITY, AND SUBSTRATE SPECIFICITY* 
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It has been established that the cleavage of cystathionine by 
enzyme(s) of mammalian tissues yields cysteine as one of the 
products (1-3). Usually, a-ketobutyric acid and ammonia 
were also detected as reaction products (3), although there has 
been a report (4) that a rat liver extract produced cysteine, 
without the concomitant formation of ammonia or a-keto- 
butyrate. The implication of the latter finding could be that 
cystathionine is hydrolytically cleaved into homoserine and 
cysteine. Homoserine then would be decomposed into a-keto- 
butyrate and ammonia (3). Until now there has been no direct 
evidence for the formation of homoserine in the cleavage of 
cystathionine, nor has it been established that homoserine is 
not involved in the reaction, either as an intermediate or as the 
final product. 

Cystathionine, labeled with C™ at the a-carbon of the 4-car- 
bon chain of the molecule, has been synthesized and incubated 
with the crystalline enzyme preparation that catalyzes both 
the deamination of homoserine and the cleavage of cystathionine 
(5); and the reaction products have been examined for radio- 
activity. This study showed that free homoserine is not released 
into the reaction medium when cystathionine is cleaved by the 
rat liver enzyme. To characterize the reaction further, the 
substrate specificity of the homoserine deaminase-cystathionase 
was studied. Formation of a substance that is chromatographi- 
cally identical with cystathionine was observed by incubating 
homoserine and cysteine in the presence of the enzyme. 


EXPERIMENTAL 


Materials and Methods 


Radioactive was pre- 
pared from pi-methionine-2-C™ by the method of Baernstein 
(6) and was isolated by chromatography on a column of Dowex 
50-H*+ with hydrochloric acid as the eluting solution. The 
pL-homocysteine thiolactone-2-C™ hydrochloride thus obtained 
was condensed with L-a-amino-8-chloropropionic acid (7) 
which was prepared by the method of Fischer and Raske (8). 
The labeled cystathionine was also isolated by column chroma- 
tography on Dowex 50-H*. The purity of the final preparation 
was checked by means of paper chromatography. The syn- 


* Aided by research grants from the Life Insurance Medical 
Research Fund, and the National Heart Institute (Grant No. 
H-3074), National Institutes of Health. 

+ Deceased, August 30, 1958 at Kyoto, Japan. 


thesis was kindly performed by Dr. M. Rothstein and Mrs. V. 
Sutcher of this laboratory. 

pL-Homoserine-2-C'\—Preparation of this compound by a 
modification of the method described by Painter (9) has been 
reported previously (10). 

Other and S-ethyl-t-cysteine 
were generously given to the authors by Dr. R. Gmelin of the 
Scientific Laboratory of the Robugen, Ltd., Esslingen, Ger- 
many. S-carbamidomethyl-t-cysteine, S-carboxypropyl-L-cys- 
teine, S-carboxyethyl- 
L-homocysteine, and S-carboxypropyl-t-homocysteine were 
the generous gifts of Dr. Marvin Armstrong of the University 
of Utah. pt-Homodjenkolic acid was synthesized by Dr. 
M. Rothstein of this laboratory. Sources of t-homoserine and 
L-cystathionine were reported in a previous article (5). All 
of the other chemicals employed were obtained commercially. 
Purity of amino acids was ascertained by paper chromatography. 

Enzyme—The method of isolating crystalline homoserine 
deaminase-cystathionase from rat liver has been described (5). 
The enzyme preparation used had a specific activity of 340, 
as measured by the standard assay method (5). 

Measurement of Radioactivity—Fractions emerging from 
the chromatography column were collected and dried on plastic 
planchets and counted for 1 minute in a gas flow Geiger-Muller 
counter. Samples that registered more than 20,000 c.p.m. 
were recounted with a mica end window counter. These values 
were converted to gas flow counter figures by multiplying them 
by the counting ratio between the two counters, determined 
with a C™ standard sample. The radioactive 2, 4-dinitrophenyl- 
hydrazone was deposited on aluminum plates and the radio- 
activity determined with an end window counter. 


RESULTS 


1. 1s Homoserine Formed in Cleavage of Cystathionine? 


The C'-labeled cystathionine was incubated with the enzyme 
in the presence of L-homoserine as trapping agent. Incubations 
were carried out in duplicate for 30 minutes at 37° in air in 4 
reaction mixture that consisted of the following: 2.0 ml. of 0.2 
M potassium phosphate buffer, pH 7.5; 0.2 ml. of the enzyme 
solution containing 50 wg. of active protein; 13.2 umoles of the 
radioactive cystathionine (6.9 x 10° ¢.p.m.); and 67 pmoles 
of t-homoserine. The reaction was stopped by adding 0.1 ml. 
of 10 per cent trichloroacetic acid. 
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Chromatography on Dowex 50 Column—One of the duplicate 
incubation mixtures was transferred onto a 50 x 0.9-cm. column 
of Dowex 50-H* with about 3 ml. of water, and the column was 
eluted with 250 ml. of 1.5 nN hydrochloric acid, followed by 200 
ml. of the 2.4 Nacid. Fractions were collected on plastic plan- 
chets in about 1-ml. volumes, with a flow rate of approximately 
4 ml. per hour. 

Homoserine was eluted from the column in fractions 87-132, 
as detected by spot tests with ninhydrin, and identified by means 
of paper chromatography. No radioactivity was detected in 
those fractions that contained homoserine. This indicated 


that no radioactive homoserine was present in the incubation — 


mixture, despite the fact that a large quantity of L-homoserine 
was present in the system. Most of the added homoserine 
(67 umoles) remained unchanged at the end of the incubation; 
only 10.8 uwmoles of keto acid were formed (see below) in the 
reaction. 6.06 x 105 ¢.p.m. of radioactivity were eluted in 
fractions 310 to 344; this represented unreacted cystathionine. 

Labeling of a-Ketobutyric Acid—a-Keto acid was determined 
on an aliquot of the second incubation mixture by a modification 
of the Friedemann-Haugen method (11), using sodium a-keto- 
butyrate as the color standard. a-Keto acid equivalent to 10.8 
umoles of a-ketobutyrate was detected in the incubation mixture. 
40 mg. of sodium a-ketobutyrate were dissolved in one-half of 
the incubation mixture, and the 2,4-dinitrophenylhydrazone, 
prepared from this mixture, was recrystallized four times from 
hot ethanol-water and its radioactivity determined. After 
the fourth recrystallization the 2,4-dinitrophenylhydrazone 
counted 396 ¢.p.m. per mg. From this value it was calculated 
that 7.9 « 10‘ c.p.m. of radioactivity appeared in a-ketobutvrate 
at the end of incubation. 

Since 10.8 wmoles of a-ketobutyrate were formed, the specific 
activity of the a-keto acid was calculated to be 7300 c¢.p.m. 
per umole. If a-ketobutyrate was formed from cystathionine 
through homoserine, such a precursor of the keto acid should 
have the same specific activity as the product. If homoserine 
was the precursor, a considerable amount of radioactivity should 
have been detected in the fraction from the chromatographic 
column that contained homoserine. Since no radioactivity 
was found in these fractions, it may be concluded that homoserine 
is not released into the reaction medium as cystathionine is 
decomposed by the enzyme. 


2. Formation of Radioactive Cystathionine from 
Homoserine-2-C™ and Cysteine 


pbL-Homoserine-2-C™ of high specific activity was incubated 
in the same manner as described in Section 1 with the enzyme 
in the presence of L-cysteine and L-cystathionine. The reaction 
mixture differed from the above only in having 0.10 ml. of a 
solution of pt-homoserine-2-C™ containing 2.4 ywmoles of the 
amino acid with 5.2 x 10° ¢.p.m. of radioactivity, 5 mg. of 
L-cysteine, and 2 mg. of L-cystathionine in place of the radio- 
active cystathionine and inactive homoserine. The reaction 
products were chromatographed on a Dowex 50-H* column 
also as described in Section 1. 

Kluate fractions 84 to 132, identified as homoserine by paper 
chromatography counted 4.8 x 10° ¢.p.m. Another peak of 
radioactivity, appearing in fractions 332 to 348, counted 1.0 x 
10* ¢.p.m. and contained cystathionine. Aliquots of the com- 
bined fractions constituting this peak were chromatographed 
on paper, and the chromatogram was scanned for radioactivity. 
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Phenol saturated with water and n-butanol-acetic acid-water 
(5:2:4) were used as the solvent systems in unidimensional runs. 
Only the area occupied by the ninhydrin-positive spot of cysta- 
thionine was radioactive. Hence, it was concluded that the 
radioactivity of homoserine-2-C™ was incorporated into cysta- 
thionine. That only a very small amount of homoserine-2-C™ 
was decomposed during the incubation can be explained from 
the fact that the reaction mixture contained a high concentra- 
tion of cysteine which inhibits the enzyme reaction (12). 

No incorporation of radioactivity into cystathionine was 
observed when either the enzyme or cysteine was omitted from 
the reaction mixture. 


3. Activity of Enzyme on Various Amino Acids 


That both homoserine and cystathionine are attacked by 
the crystalline enzyme has been reported earlier (5). In addition, 
various other amino acids are active as substrates. Thus, 
lanthionine, djenkolic acid, and cysteine are decomposed by 
the enzyme. 

The relative activity of the enzyme on a variety of amino acids 
containing a hydroxyl group is summarized in Table I. The 
enzyme activity on these amino acids was determined by the 
formation of a-keto acid (11). Sodium a-ketobutyrate was 
used as the color standard, regardless of the nature of the a-keto 
acid expected to be produced from a given amino acid. Simi- 
larly, the relative activity of the enzyme on various sulfur- 
containing amino acids is given in Table IT. 

Among the hydroxyamino acids tested only serine, O-acetyl- 
homoserine and homoserine were deaminated to a significant 
extent. The action of the enzyme on serine may be attributable 
to its contamination by L-serine dehydrase, which is known to 
be present in liver tissue (11). O-acetylhomoserine would be 
slowly hydrolyzed in the slightly alkaline buffer used, vielding 
free homoserine, which is a normal substrate for the enzyme. 
Under the standard assay conditions, with only 4 to 7 ug. of 
the crystalline enzyme used per test, the activity of the enzyme 


TaBLeE I 


Activity of homoserine deaminase-cystathionase 
on hydroryamino acids 


Specific activity was determined in reaction mixtures of 1.0 ml., 
total volume, containing the following: 0.1 Mm potassium phosphate 
buffer, pH 7.5; 0.01 m of substrate as indicated (0.02 m for the 
DL-isomers) ; 5 X 10-5 m of pyridoxal phosphate and 2,3-dimercap- 
topropanol; 7 X 10-3 m ethylenediaminetetraacetate; and 68 ug. 
of theenzyme. Incubated for 60 minutes at 37°, except for homo- 
serine. The specific activity on homoserine was determined with 
5 ug. of the enzyme with a 30-minute incubation. 


Amino acid Specific activity 


| pmoles/Ar./mg. enzyme 
340 
L-Threonine....... 
L-Allothreonine... 
O-acetyl-pL-homoserine. 
pL-a-Amino-é-hydroxyvaleric acid. 
DL-a-Amino-e-hydroxyeaproi¢ acid... . 
8-Hydroxy-pL-aspartie acid....... 
8-Hydroxy-pL-glutamie acid. 
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TaBLeE II 
Activity of homoserine deaminase-cystathionase 
on sulfur-containing amino acids 

Specific activity was determined in reaction mixtures of 1.0 ml., 
total volume, containing the following: 0.1 mM potassium phos- 
phate buffer, pH 7.5; 4.5 K 10-* m of the substrate as indicated 
(9 X 10-3 m for pL-mixtures); 5 X 10-5 m pyridoxal phosphate and 
2,3-dimercaptopropanol; 7 X 10-* m ethylenediaminetetraacetate; 
and 68 ug. of the enzyme. Incubated for 60 minutes at 37°, except 
for djenkolic acid and lanthionine, which were incubated for 10 
minutes. Specific activity with cystathionine was determined 
with 5 ug. of the enzyme using a 30-minute incubation. 


Amino acid Specific activity 
pmoles/hr./mg. enzyme 

L-(and meso)-Lanthionine*.................. 57.6 
pu-Homodienkolic acid*..................... 1.4 
S-carbamidomethyl-L-cysteine............... 3.4 
S-carboxypropyl-L-cysteine.................. 1.6 
S-carbamidomethyl-pL-homocysteine....... 2.5 
S-carboxyethyl-L-homocysteine.............. 2.9 
S-carboxypropyl-L-homocysteine............ 1.8 


* These were not soluble at the given concentrations. 


on serine was negligible. However, a significant quantity of 
keto acid was produced from serine if a larger quantity (~70 
ug.) of the enzyme was employed. 

Among the sulfur-containing amino acids, cystathionine, 
djenkolic acid, lanthionine, and cysteine were active as sub- 
strates in the order mentioned (Table II). Homocysteine was 
a much less active substrate than cysteine. The enzyme showed 
a little activity on the S-alkyl derivatives of cysteine or homo- 
cysteine. 

Activity of Enzyme on Cysteine—The crystalline enzyme pro- 
duces a-keto acid, very probably pyruvic acid, from cysteine. 
The enzyme has a specific activity of 18.4 wmoles per hour per 
mg. of protein for this reaction (Table II). This result was 
checked in a separate experiment in which the formation of keto 
acid was determined with a color standard of lithium pyruvate, 
and hydrogen sulfide was measured by the method of Smythe 
(13). The specific activity obtained from this experiment was 
15.7 from the determination of pyruvate, and 14.1 from hydrogen 
sulfide. The two values are sufficiently close to suggest that an 
equimolar quantity each of hydrogen sulfide and pyruvate 
was formed by the enzymic action on cysteine. This indicated 
that the enzyme preparation also contains cysteine desulfhy- 
drase activity. 


1In a preliminary experiment, 8-mercaptopyruvate was in- 
cubated with the enzyme in the presence and absence of 2-mercap- 
toethanol. No production of hydrogen sulfide could be detected, 
indicating that the enzyme does not contain 8-mercaptopyruvic 
acid desulfurase. 
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TABLE III 


Ratio of activity of enzyme on cystathionine and homoserine: 
reconstituted enzyme 


The incubation mixture of 1.0-m]. total volume contained 0.1 
potassium phosphate buffer, pH 7.5, 5 X 10-5 m pyridoxal phos- 
phate, 7 X 107% m ethylenediaminetetraacetate, 7.5 K 1073 m 
2-mercaptoethanol, and 10-2 m substrate. Incubated at 37° for 
30 minutes. The amount of enzyme was adjusted so that ap- 
proximately the same amount of pL-homoserine was decomposed 
by each enzyme preparation under the conditions of incubation 
(5). The reconstituted enzyme was prepared by combining ap- 
proximately 5 X 10-* m of the apoenzyme (14) and 5 X 1075 o of 
pyridoxal phosphate in 0.2 m potassium phosphate buffer, pH 7.5. 


Activity (O. D.s1s) on 
Activity ratio: 
Enzyme pL-cystathionine 
pL-Homo- | pi-Cysta- to pL-homoserine 
serine thionine 
Untreated enzyme 0.313 0.252 
0.310 | 0.250 
0.300 0.222 
Reconstituted enzyme 0.300 0.230 
0.284 | 0.226 
0.272 0.216 


* Maximal deviation. 


Ratio of Activity of Reconstituted Enzyme on 
Homoserine and Cystathionine 


It was of interest to compare the ratios of the enzyme activity 
on homoserine and cystathionine of the original enzyme and 
the enzyme reconstituted by combining the catalytically inactive 
apoenzyme (14) and pyridoxal phosphate. The specific ac- 
tivity of the reconstituted enzyme used for this experiment 
was approximately 70 per cent of that of the untreated enzyme. 
If the ratio of enzyme activity on the two substrates was altered 
by the process of resolution and reconstitution, it would be 
evidence for the two enzymic actions residing on separate pro- 
teins. However, as shown in Table III, the ratio remained 
unchanged after the process of resolution and reconstitution. 
This finding is in accord with the previously expressed view 
that homoserine deaminase and cystathionase activities most 
likely reside on a single enzyme protein (5). 


DISCUSSION 


The results presented in this paper indicate that homoserine 
is not released into the reaction medium when cystathionine is 
catalytically cleaved by rat liver cystathionase. This does 
not exclude the possibility that homoserine formed as the initial 
product is bound at the reaction site of the enzyme, and then 
is further decomposed by the same enzyme. However, it ap- 
pears very unlikely that homoserine is derived metabolically 
from cystathionine in the liver of the rat. 

The authors have previously reported the formation, in in- 
tact mice, of radioactive homoserine from methionine-2-C™ 
(15). Such a transformation of methionine into homoserine 
could not have proceeded via cystathionine in view of the pres- 
ent finding that homoserine is not formed in the enzymic 
cleavage of cystathionine. The radioactive homoserine could 
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Cystathionine 


CH, — S— CH, 
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CH, CH-NHp 
*CH-NH» COOH 
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CH CH CH 
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"CH-NH, “"C-NH, *C=NH 
COOH 
COOH COOH COOH 
CH-OH GH, 
H CH 
th + NH, 
“CH-NH, 
COOH COOH 
Homoserine a-Ketobutyric Acid 


Fig. 1. Pattern of reactions postulated for the cleavage of 
cystathionine and homoserine by crystalline liver enzyme. 


have been formed from methionine-2-C" via S-adenosylmethio- 
nine, which has been shown to be hydrolyzed nonenzymically 
at the pH range of 6 to 8 at 30°, giving rise to homoserine (16). 
Hydrolysis of S-adenosylmethionine into homoserine and 
thiomethyladenosine, catalyzed by extracts of dried bakers’ 
yeast, has been reported recently (17). 

The formulation presented in Fig. 1 offers a simple explana- 
tion of the various reactions catalyzed by homoserine deaminase- 
cystathionase. The suggested reaction pattern is independent 
of whether or not the observed enzymic activities reside on a 
single protein catalyst. According to the scheme, the initial 
step in both the homoserine deamination and the cleavage of 
cystathionine is the labilization of the y-substituent on the 
a-amino-butyrate moiety of each of the respective molecules. 
The removal of the y-substituents, water from homoserine 
and cysteine from cystathionine, produces the unsaturated vinyl- 
glycine, which undergoes intramolecular rearrangement and 
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is finally hydrolyzed into ammonia and a-ketobutyrate. Similar 
reaction mechanisms for two enzymic reactions have been pro- 
posed by other authors (18, 19). In this presentation of the 
reaction mechanism, the roles of the coenzyme and the enzyme 
protein are omitted. 

The formation of cystathionine from homoserine and cysteine 
is also explained by the proposed scheme, which represents 
the reaction as the addition of cysteine across the double bond 
of the vinylglycine molecule. A similar reaction has been used 
successfully in the chemical synthesis of lanthionine (20). Al- 
though the enzyme under study catalyzes the formation of cysta- 
thionine from homoserine and cysteine under appropriate 
experimental conditions, the metabolic significance of this 
reaction is apparently slight in view of the abundant evidence 
to the contrary. Thus, homoserine supplemented with cysteine 
could not replace homocysteine in growth experiments with 
rats (21), and the radioactivity of homoserine-2-C“ was not 
incorporated into methionine or homocysteine in an experiment 
in vitro with rat liver (10). 

No attempt has yet been made to determine whether the ob- 
served cysteine desulfhydrase activity is a part of the enzyme 
that apparently catalyzes both the deamination of homoserine 
and the cleavage of cystathionine. In any event, the observed 
specific activity with cysteine is very high in comparison with 
the reported values of other preparations of this enzyme that 
appear in the literature. Smythe (13) reported a specific 
activity of 276 (ug. of hydrogen sulfide produced in 2 hours 
per mg. of protein nitrogen) for a rat liver enzyme. This 
figure, converted to umoles of product per hour per mg. of pro- 
tein, is equivalent to 0.91, whereas the value reported above is 
approximately 16 (range, 15 to 19 umoles per hour per mg. of 
protein). 


SUMMARY 


Use of radioactive cystathionine failed to demonstrate the 
formation of homoserine in the cleavage reaction of cystathionine 
catalyzed by a crystalline enzyme of rat liver. On the other 
hand, the same enzyme catalyzed the incorporation of radio- 
activity into cystathionine from pt-homoserine-2-C™ in the 
presence of L-cysteine. The significance of the findings is 
discussed. The substrate specificity of the enzyme on hydroxy- 
amino acids and sulfur-containing amino acids has been studied. 


REFERENCES 


1. ANSLow, W. P., JR., AND pu ViGNEAuwD, V., J. Biol. Chem., 
170, 245 (1947). 

2. BINKLEY, F., ANsLow, W. P., JrR., AND pu VIGNEAUD, V., J. 
Biol. Chem., 143, 559 (1942). 

3. CARROLL, W. R., Stacy, G. W., AND pu VIGNEAUD, V., J. Biol. 
Chem., 180, 375 (1949). 

4. BINKLEY, F., aNp OKEsON, D., J. Biol. Chem., 182, 273 (1950). 

5. Matsuo, Y., AND GREENBERG, D. M., J. Biol. Chem., 230, 
545 (1958). 

6. BAERNSTEIN, H. D., J. Biol. Chem., 106, 451 (1934). 

7. pu VIGNEAUD, V., Brown, G. B., AND CHANDLER, J. P., J. 
Biol. Chem., 143, 59 (1942). 

8. Fiscner, E., anp Raske, K., Ber. deut. chem. Ges., 40, 3717 
(1907). 

9. PainTEr, E. P., J. Am. Chem. Soc., 69, 232 (1947). 

10. Matsuo, Y., RoTustTe1n, M., AND GREENBERG, D. M., J. Biol. 
Chem., 221, 679 (1956). 

ll. Sayre, F. W., AND GREENBERG, D. M., J. Biol. Chem., 220, 
787 (1956). 

12. Matsuo, Y., J. Am. Chem. Soc., 79, 2011 (1957). 


13. SmyTHE, E. V., in S. P. CoLowick ano N. O. Kapian (Edi- 
tors), Methods in enzymology, Vol. 11, Academic Press, Inc., 
New York, 1955, p. 315. 

14. Matsuo, Y., AND GREENBERG, D. M., J. Biol. Chem., 234, 
507 (1959). 

15. Matsuo, Y., AND GREENBERG, D. M., J. Biol. Chem., 216, 
547 (1955). 

16. Parks, L. W., AND SCHLENK, F., J. Biol. Chem., 230, 295 (1958); 

17. Mupp, 8S. H., anp Cantont, G. L., Federation Proc., 17, 279 
(1958). 

18. BRAUNSTEIN, A. E., AND AZARKH, R. M., Doklady Akad. 
Nauk S. S. S. R., 85, 385 (1952); Chem. Abstr., 46, 11267 
(1952). 

19. Merzier, D. E., Ikawa, M., and SNELL, E. E., J. Am. Chem. 
Soc., 76, 648 (1954). 

20. M., Hara, H., ano Fuxat, C., Shokuryé Kenkytijo 
Kenkytt Hékoku, 6, 75 (1951); Chem. Abstr., 49, 15736 (1955). 

21. ArmstTrROoNG, M. D., anno BINKLEY, F., J. Biol. Chem., 174, 
889 (1948). 


| 
M 
M 
d 
| 
| 
y 
| 
e 
c- | 
t 
e. 
d | 
t | 
| 
al | 
| 
ly 
| 
ic 
ld 


Purification and Properties of Interstitial Cell-stimulating 
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Early investigations on the purification and characterization 
of the hypophyseal interstitial cell-stimulating hormone yielded 
highly active products from sheep (1-3) and swine (4, 5) pituitary 
glands. The preparations appeared to be homogeneous ac- 
cording to the physical and biological criteria of purity then 
available. 

The importance of the early ovine and porcine preparations is 
attested by the fact that most of what we know of the biological 
action of ICH' was learned from studies involving the use of 
these early preparations, and yet it is probably fair to state 
that no practical method for obtaining the hormone in a state 
of purity that would satisfy modern criteria was available at 
the time that the present investigation was initiated; therefore, 
it seemed profitable to re-examine the problem of the purification 
of ICH, with use of purification procedures which have been 
developed since the earlier work and application of the newer 
criteria of purity. There evolved from this re-examination an 
improved purification procedure as well as new information 
concerning the physical, chemical, and biological properties of 
the hormone. In the course of these studies, we have obtained 
two chromatographically distinct fractions with high ICH 
activity. A brief outline of the essential steps in the purifica- 
tion procedure and some of the properties of one of the fractions, 
which was designated 8-ICH, has already been presented (6). 
It is the purpose of this communication to present more complete 
experimental details? as well as data relative to yields and purity 
of fractions obtainable by the new procedure. 


EXPERIMENTAL 


Purification Procedure 


Acetone Desiccation—A kilogram of whole frozen sheep pi- 
tuitary glands is taken through an acetone desiccation step as 
previously described (1—3) except that the acetone is chilled to 
—15° before use. The yield from this step is 225 gm. 

Initial Extractions—The product of the previous step is ex- 
tracted for 2 to 4 hours with 2.5 1. of 0.5 per cent NaCl. 12 ml. 
of glacial acetic acid dissolved in 50 ml. of water are added to 


* This work was supported in part by grants from the National 
Institutes of Health, United States Public Health Service (No. 
RG 4097), and from the Albert and Mary Lasker Foundation. 

1 The abbreviations used are: ICH, interstitial cell-stimulating 
hormone; FSH, follicle-stimulating hormone; and TSH, thyroid- 
stimulating hormone. 

2A detailed account of the many experiments, successful and 
unsuccessful, on which this new purification procedure is based 
may be found elsewhere (7). 


bring the pH to 4.55 + 0.05. The suspension is extracted for 
an additional hour under these conditions and then centrifuged 
at 18,000 r.p.m., to yield 2000 ml. of supernatant fluid. 

Alcohol and Sulfosalicylate Fractionation—The pH of the 
supernatant fluid is adjusted to 7.15 + 0.05 by the addition of 
approximately 150 ml. of N NaOH. Ethyl alcohol is added to 
make a final concentration of 40 per cent; the solution is cooled 
to —15° during this addition and then centrifuged at —15°. 
The supernatant fluid is saved for the purification of FSH. The 
precipitate is suspended in 0.5 1. of water containing crushed ice, 
and the suspension is stirred at 0° until all the protein lumps are 
broken up. An inactive precipitate is removed by centrifuga- 
tion at 18,000 r.p.m. To the resulting supernatant fluid (Frac- 
tion A, 12 gm.) is added 5.5 gm. of NaCl and 55 ml. of 0.2 m 
sulfosalicylate buffer. The pH is adjusted to 3.60 + 0.05 
and the precipitate is removed by centrifugation at 2400 r.p.m. 
This and all following operations are performed at 4°. 

Ammonium Sulfate Fractionation—Solid (NH4)2SOx4 is added 
to the supernatant fluid obtained after precipitation with sulfo- 
salicylate to make a concentration of 1.30 m. The pH is ad- 
justed to 6.9 + 0.1 with 5 n NaOH, and the precipitate that 
forms is removed by centrifugation at 2400 r.p.m.; additional 
ammonium sulfate is added to the supernatant fluid to bring 
the salt concentration to 2.0 m. The precipitate (Fraction B) 
is removed by centrifugation at 2400 r.p.m. The supernatant 
fluid is saved for the purification of FSH. 

Chromatography on IRC-50 Resin—A sample of Fraction B is 
adsorbed onto an Amberlite [RC-50(XE-97) column‘ that has 
been equilibrated with 0.2 m potassium phosphate at pH 5.9 
(protein load, not more than 5 mg. per ml. of resin). An in- 
active fraction (Fig. 1, tubes 9 to 21) which passes through 
unadsorbed is discarded. The active ICH fraction (Fraction C) 
is eluted with 0.2 m potassium phosphate buffer of pH 6.9 (Fig. 
1, tubes 144-165). A sample of Fraction C is then applied to a 
similar column that has been equilibrated with a 0.2 mM potassium 
phosphate buffer of pH 6.13 (protein load, not more than 3 
mg. per ml. of resin) and is eluted with 0.2 M potassium phosphate 
at pH 6.9. The unadsorbed protein appcaring after the passage 


3 The buffer is prepared by dissolving sulfosalicylic acid (Merck, 
reagent grade) in water, adjusting the pH to 2.5 by the addition 
of 1 mM NaOH, and diluting the buffer to a concentration of 0.2 M. 

4 The column used in the preparation of Fractions C and D has 
a diameter of 5.5 em. and is filled to a height of 53 em., leaving an 
additional 20-cm. of height to allow for swelling during the wash- 
ing cycle. The Amberlite IRC-50(XE-97) resin was prepared, 
the column was packed, and chromatography was performed, in 
the manner recommended by Hirs et al. (8). 
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Fic. 1. Chromatography of Fraction B on IRC-50 resin. The 
602-mg. sample was applied to the column containing 330 ml. of 
resin equilibrated with 0.2 m potassium phosphate at pH 5.88, and 


elution with buffer of pH 6.9 was begun at tube 15. Fraction C 
was recovered from tubes 144 to 165. (Tube volume, 17 ml.). 
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Fic. 2. Chromatography of Fraction C on IRC-50 resin. The 
180-mg. sample was applied to the column containing 250 ml. of 
resin equilibrated with 0.2 m potassium phosphate at pH 6.13. 
Elution with buffer of pH 6.9 was begun at tube 81. Fraction 
D-2 was recovered from tubes 164-177 and Fraction D-3, from 
tubes 178-193. 
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Fig. 3. Zone electrophoresis of 250 mg. of Fraction D-2 in 
acetate buffer of pH 4.2 and ionic strength 0.10 for 72 hours at 3 
volts em.~!. As indicated, Fraction E-3 was recovered from seg- 
ments 16 to 29, and E-2 from segments 30 to 37. 
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Fic. 4. Zone electrophoresis of 150 mg. of Fraction D-3 in 
acetate buffer of pH 4.2, ionic strength 0.10 for 72 hours at 3.0 
volts em.~!. As indicated, Fraction E-3 was obtained from seg- 
ments 19 to 29 and E-2, from segments 30 to 34. 


of 1 retention volume is inactive.*> The major portion of the ICH 
activity is eluted in an asymmetric peak with 0.2 m potassium 
phosphate at pH 6.9. As indicated in Fig. 2, the sharp portion 
of the peak is designated Fraction D-2, and the trailing shoulder, 
D-3. 

Zone Electrophoresis on Starch—An inactive component with 
a high mobility is removed from Fractions D-2 and D-3 by zone 
electrophoresis® on starch (9, 10) which was carried out for 72 
hours at 3 volts per cm. in an acetate buffer of pH 4.2, [/2 = 
0.2, with a protein load of 250 mg. of Fraction D-2 or 150 mg. 
of Fraction D-3. Two active fractions (E-2 and E-3) are 
recovered from this step’ (Figs. 3 and 4). 

Removal of Starch by Chromatography—Any starch that is 
present as a contaminant in the E fractions which were obtained 
from zone electrophoresis can be removed by means of adsorp- 
tion from an IRC-50 column equilibrated with 0.2 mM potassium 
phosphate buffer and subsequent elution at pH 6.9. <A protein 
load of 1 mg. per ml. of resin is used. In addition to removing 
the starch, this step provides a more complete separation of 
two chromatographically distinct ICH fractions designated 


5’ The amount of protein load is crucial. An inactive protein 
fraction passes through the column with the passage of 1 retention 
volume. This is followed by a “‘tail’’ which has ICH activity. 
The fraction of total activity in this ‘“‘tail’’ increases with the 
amount of protein applied to the column. With a load of 3 mg. 
per ml. of resin, it would amount to about 10 to 15 per cent of the 
total activity. (See Fig. 1 and reference (6) for an elution dia- 
gram from an experiment in which the load was 4 mg. per ml. on a 
330 ml. column.) 

6 Starch segments obtained from preparative zone electro- 
phoretic experiments were extracted once with water, and then 
twice with 0.2 Mm potassium phosphate buffer of pH 6.9, since 
extraction with this latter buffer leads to higher recovery of 
protein. 

7 Chromatography on CM-cellulose (11) was investigated as an 
alternative method for the purification of Fraction D-2. It was 
found that the proteins in this fraction were completely adsorbed 
from pH 5.7 acetate buffer of ionic strength 0.03. The protein 
could then be eluted as a single, almost symmetrical peak by 
applying a mild NaCl gradient. Bioassay data showed that the 
center of the peak had a higher specific activity than either edge, 
an indication that some resolution had been achieved. Since, 
however, better resolution was attained by zone electrophoresis, 
this latter method was used for further purification of Fraction 
D-2. 
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Tube Number 
Fic. 5. Upper diagram, chromatography of 200 mg. of Fraction 


E-3 (from D-3) on IRC-50 resin. Adsorption from 0.2 m potassium 
phosphate at pH 6.13. Elution with 0.2 mM potassium phosphate 
at pH 6.9. Fraction F-2 is obtained from tubes 100-109, F-3 from 
tubes 110-119. O——O, optical density at 278 my; A----- A, pH. 
Lower diagram, rechromatography of Fraction F-3 (from D-3), 
yielding B-ICH. 


F-2 and F-3 (see Figs. 5 and 6). . Fraction F-3 (from D-3) has 
previously been designated B-ICH (6). 

Table I presents the yield and activities® of various fractions 
obtained from 1 kg. of fresh sheep pituitary glands. From this 
table, it can be estimated that Fractions D-2 and D-3 contain 
about 23 per cent of the original activity. The final highly 
purified F-fractions contain 12 per cent of the original activity; 
since the fraction we have designated 8-ICH is only one of the 
active F fractions (e.g. F-3 from E-3 from D-3, and so on), 
the yield of this particular fraction represents only about 3 per 
cent of the total ICH activity. 

Preparations of B-ICH were tested extensively for contamina- 
tion by other pituitary hormones. The ascorbic acid-depletion 
method (14) was used as a test for adrenocorticotropic hormone 
contamination, the tibia test (15) for growth hormone, the local 
crop sac method (16) in pigeons for lactogenic hormone, the 
ovarian weight and histological tests (17, 18) for FSH, and the 
iodine uptake test of Bates and Cornfield (19) for TSH contami- 
nation.’ All tests were designed to detect contamination at 
the 0.1 per cent level, and the bioassay data indicated no detecta- 
ble contamination at that level. 


* The assay method used to estimate the biological potency of 
the ICH preparations was essentially that described by Greep 
et al. (12), except that rats of the Long-Evans strain were used, 
Several aspects of the bioassay procedure were studied during the 
development of the purification procedure; details, including the 
basis for the choice of the subcutaneous route of injection, have 
been described elsewhere (13). We have adopted, as an aid in 
representing bioassay data, a laboratory unit defined as that 
amount of ICH which will result in an increase of ventral prostate 
weight amounting to 100 per cent above the controls, as measured 
by this assay method. 

® The authors wish to thank Dr. 8. W. Hier of the Wilson Lab- 
oratories, Chicago, Illinois, for performing the adrenocortico- 
tropic hormone assays; Dr. R. W. Bates for the assays of TSH 
activity, and Dr. W. R. Lyons for those of lactogenic hormone 
activity. 
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Fic. 6. Upper diagram, chromatography of 200 mg. of Fraction 
E-3 (from D-2) on IRC-50 resin; adsorption from 0.2 m potassium 
phosphate at pH 6.13, elution at pH 6.9. Fraction F-2 is obtained 
from tubes 146-158, Fraction F-3 from tubes 159-164. O——O, 
optical density at 278 my; A----- A, pH. Lower diagram, re- 
chromatography of Fraction F-2 (from D-2), yielding a-ICH. 


TABLE I 


Yield and activity of various fractions obtained from procedure for 
preparation of sheep ICH 


Estimated activity 
Fraction 

specific total 

gm. units/mg. units 
Acetone-desiccated glands... 225 250 , 000 
Kk. + E; 0.15 240 36 ,000 


The biological potency of B-ICH was studied in hypophy- 
sectomized male rats (12). Histological examination gave 
significant evidence of “repair” of the interstitial cells at a 
total dose of 0.5 wg. of ICH.!° There is a statistically signif- 


icant increase (at the 10 per cent level) in the ventral prostate . 


weight at the same dose level. The mean ventral prostate 
weight of rats receiving a total dose of 2 ug. was more than double 
that of the controls, but no further enhancement of weight was 
observed even when the dose was increased to 100 wg. The 
negligible increase in testicular weight and the complete lack 
of change in the seminal vesicle weights after injections of ICH 

10 The minimal effective dose of B-ICH in hypophysectomized 


female rats, as defined by Simpson et al. (18), was found to be 
0.002 mg. 
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within this dose range bear out the findings made with the older 
preparations (20). 


Homogeneity Studies 


Chromatography—A sample of $-ICH was submitted to 
chromatography on an analytical (9-ml.) column of Amberlite 
IKC-50 resin, under the same conditions as those used for the 
purification of the E fractions. Approximately 90 per cent of 
the protein emerged as a single sharp symmetrical peak, with 
the remaining 10 per cent, presumably denatured, emerging 
with the subsequent alkali wash. The chromatographic diagram 
is presented in the lower portion of Fig. 5. The diagram from 
similar analytical chromatography of Fraction F-2 (from D-2) 
is presented in the lower portion of Fig. 6. In both instances a 
considerable increase in homogeneity is evident. Furthermore, 
in each instance the pH of the peak tube is the same as that of 
the parent fractions. 

Zone Electrophoresis—B-ICH was submitted to zone electro- 
phoresis" on starch in the small (0.7  40-cm.) trough (10) in 
the pH 4.2 acetate buffer of 0.1 ionic strength. The protein 
distribution pattern, given in Fig. 7, shows a sharp symmetrical 
ICH-active peak (cf. Table II for bioassay) preceded by a smal- 
ler peak devoid of ICH activity. The protein content rep- 
resented by the faster-moving inactive peak represents 10 per 
cent of the total. The presence of this small inert fraction 
suggested that denaturation of the ICH had occurred. In 
order to determine whether this were true, the experiment was 
repeated in triplicate, and the protein was recovered from the 
segments containing the active ICH and rerun under the same 
conditions. The resulting pattern also showed the presence of 
a small inert component (7 per cent of the total) with a higher 
mobility. Apparently the process of zone electrophoresis and 
subsequent recovery of protein results in the conversion of some 
of the ICH to an inert product with a higher mobility. Such an 
interpretation is not unique; it has been made in a similar situa- 
tion in studies with growth hormone (21), 8-lactoglobulin (22), 
and glucagon (23). 

Boundary Electrophoresis—Concurrently with the zone electro- 
phoretic study of Fraction D-2, studies were also made by the 
moving boundary method” with buffers of 0.10 ionie strength 
and pH values ranging from 4.20 to 8.65. In acidic buffers, 
two distinct peaks were observed, but at neutrality and up to 
pH 8.65 the protein migrated as a single peak. From our zone 
electrophoretic studies, it was evident that the slow component 
was ICH and the faster one, the inert contaminant. The pH 
of zero mobility of both components is between 7.0 and 7.5," 
far from the isoelectric point of 4.6 reported earlier (3). Schlie- 
ren patterns of a sample of 8-ICH in acetate buffer of pH 4.2 


'' The zone electrophoretic patterns of Fraction F-2 (from 1-2), 
F-3 (from 1-2) and F-2 (from D-3) were all similar to the pattern 
recorded in Fig. 9 except that the main peaks were not sym- 
metrical, 

2 Kleetrophoretic analyses by the moving boundary method 
and diffusion experiments were all performed in the Spinco model 
H_ electrophoresis-diffusion| apparatus (Spinco Division, Beck- 
man Instruments, Inc., Belmont, California). Diffusion co- 
efficients were calculated from the Rayleigh interference fringes 
according to the method of Longsworth (24). 

'’The results obtained in phosphate buffer are of interest. 
The mobility of the slow component is negative, indicating an 
isoelectric point below 5.9 in this buffer. Evidently the ICH, as 
well as the inert component, binds sufficient phosphate at 0.1 
ionic strength to shift the isoelectric point nearly 2 pH units. 
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Fic. 7. Zone electrophoresis of 6 mg. of Fraction F-3 (from 
D-3) in acetate buffer of pH 4.2, ionic strength 0.10, for 72 hours 
at 3.0 volts cm.-!. See Table II for bioassay data. 


TABLE II 


Bioassay data obtained on samples selected from zone electrophoretic 
analysis of fraction F-3 (from D-3) 


Bioassay datat 


Segment*® 
| No. of rats Ventral prostate 
me.t | Units /mg. 
22 8 12.14 1.65 | 75 
25 9 M4.341.11 | 152 
27 | 8 13.4+0.90 114 
31-33 7.90.75 | <2 
* See Fig. 7. 


t Assayed at a total dose of 0.002 mg. 
~t Mean + standard error. 


are presented in Fig. 8. The presence of a small contaminant 
with a higher mobility is in agreement with the observations 
made after zone electrophoresis (cf. Fig. 7). 

Sedimentation Analysis—Sedimentation studies“ of 8-ICH 
provided additional evidence of homogeneity, since they re- 
vealed the presence of a single symmetrical peak (Fig. 9). Ex- 
periments were conducted with protein concentrations of 0.5, 
0.5, 0.8, and 1.3 per cent in a buffer consisting of 0.01 m KzHPO, , 
0.01 m KH.PO, , and 0.20m NaCl. These experiments furnished 
no evidence that the sedimentation constant was concentration- 
dependent; therefore, the mean of the four determinations was 
taken as an estimate of the sedimentation constant at infinite 
dilution. This value (8°) with the standard deviation for 
the four experiments is 2.47 + 0.02 S. 

Diffusion Studies—Diffusion experiments were limited to a 
pair of duplicate runs that were carried out simultaneously in 
the two limbs of the cell and with the same buffer solution that 
was used in the sedimentation studies. The diffusion coefficient 


14 Sedimentation analysis was performed in the Spinco model 
E analytical ultracentrifuge, equipped with the new rotor tem- 
perature indicator and control which had been calibrated at rest. 
All experiments were carried out at 59,780 r.p.m. in a buffer con- 
sisting of 0.010 m KH.PO,, 0.010 mM K.2HPO,, and 0.200 m KCl. 
The sedimentation constants were calculated and corrected to 
standard conditions by the method recently summarized by 
Schachman (pp. 53-56 in (25)). 
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Fic. 8. Schlieren and Rayleigh interference fringe patterns ob- 
tained after electrophoresis of Fraction F-3 (from D-2) for 26,400 
sec. at 4.3 volts per cm. in acetate buffer of pH 4.2, ionic strength 
0.1. Protein concentration, 0.3 per cent. Upper, descending 
limb, bar angle 30°; lower, ascending limb, bar angle 30°. 


Fic. 9. Schlieren patterns photographed at 48-minute intervals 
during the sedimentation of B-ICH. Protein concentration, 1.3 


per cent. The solvent was 0.010 m K2HPO,, 0.010 m KH2PO, in 
0.200 m NaCl. 


was calculated from the final two diffusion patterns that were 
obtained from each limb. The arithmetic mean and the range 
of the four values is D uncorrectea) = 4.06 + 0.09 sq. cm. per 
sec. at 0.73°. 

In order to calculate the molecular weight from the sedimenta- 
tion constant and the diffusion coefficient, these latter constants 
were corrected to the values they would assume at 20° in a 
0.02 m phosphate buffer of pH 6.8 containing 0.2m NaCl. When 
this correction was applied, a value for Doo of 7.54 * 1077 cm.? 
sec.-! was obtained. In order to estimate the molecular weight, 
an assumed value for partial specific volume (¥V) of 0.73 was 
taken, and on this basis the molecular weight of ICH was cal- 
culated to be 30,000. 


DISCUSSION 


The study of the physicochemical properties of the highly 
purified 6-ICH described in this paper revealed marked dif- 
ferences from the preparation obtained by the old procedure 
(1-3). The molecular weight is 30,000, as compared with 40,000, 
and the isoelectric point is approximately 7.3, as compared with 
4.6. It is interesting that whereas the isoelectric point is very 
different from that of the sheep ICH prepared by the old pro- 
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cedure (1-3), it is quite similar to that of the porcine ICH 
described by Chow et al. (4) and Shedlovsky et al. (5). | 

With the new purification procedure, it is now possible to 
obtain ICH in much higher yield than was possible previously, 
The biological activity of Fraction C is as high as what was 
reported before, and the yield at this stage of purification is 600. 
mg. per kg. of glands. Up to this point, considerable effort 
was made to minimize any losses which might result from pos- 
sible proteolytic activity and which are to be expected in any 
attempt to isolate a protein component present to the extent 
of only a small percentage of the total. 

The possible hazards to be expected from proteolytic activity 
were emphasized by Adams and Smith (26). These investigators 
reported the presence of two proteolytic enzymes in pituitary 
extracts, one with an optimal pH at 8.3, the other at 3.8. In 
our examination of the ICH fractions obtained by the new pro- 
cedure, we have detected the presence of only the latter; this 
enzyme is eliminated during the chromatography step, and Frac- 
tion C is therefore devoid of proteolytic activity. Since the 
enzyme is inactive above pH 6.5 and is inhibited by 0.2 m phos- 
phate (26), it is evident that there are only two short periods 
when enzymatic activity is likely to occur, during the first ex- 
traction, and during the steps involving precipitation with — 
sulfosalicylate. In both steps, the pH is brought to neutrality — 
as soon as possible after centrifugation, and it is unlikely that 
significant enzymatic degradation will have occurred. Further- 
more, considering the very mild nature of all the operations, 
we believe that the probability of isolating an artifact is not 
high. 

The chromatography of Fraction C under the conditions used 
in these studies yields a complex peak of an appearance which 
suggests that two ICH-active proteins have been partially 
resolved. A consideration of the accumulated bioassay data 
can lead only to the conclusion that these two components are 
very nearly equal in activity. These results were confirmed 
on the resin column yielding the F fractions (Figs. 5 and 6)." 
Since it was also possible to isolate two equally active fractions 
which emerged from the column at different pH values in identical 
experiments (lower portion of Figs. 5 and 6), the evidence seemed 
sufficiently conclusive to suggest the hypothesis that ICH 
exists in the form of two chromatographically distinguishable 
molecular species; consequently, the component concentrated 
in Fraction D-2 has been designated a-ICH, and the oneconcen- 
trated in Fraction D-3, B-ICH. Physicochemical differences 
between these two components remain to be investigated.’ | 


SUMMARY 


A new method has been developed for the purification of an 
interstitial cell-stimulating hormone (ICH) from sheep pituitary 
glands. In the course of this procedure, a highly active con- 
centrate isgprepared by fractionation with alcohol, ammonium 
sulfate, and sulfosalicylate. Further purification by chroma- | 
tography on a resin (IRC-50) column gives rise to two active 
fractions, D-2 and D-3. The yield at this point in the purifica- 
tion procedure is about 30 times that reported previously, and 


16 Further evidence for this multiplicity of ICH components is 
furnished by experiments with zone electrophoresis on cellulose | 
columns. (M. J. Jutisz and P. G. Squire, to be published.) 

16 During the preparation of this manuscript, a paper has ap- 
peared on the purification of ICH and FSH (27). 
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the products have higher ICH activity, although neither frac- 
tion is electrophoretically pure. 


By means of zone electrophoresis on starch and an additional 


| chromatographic step, a preparation (Fraction F-3 from D-3), 
_ designated 8-ICH, can be obtained that possesses a high degree 


of homogeneity as indicated by sedimentation analysis and 
chromatography on IRC-50 resin. The isoelectric point of 
8-ICH is estimated to be near pH 7.3. The molecular weight 
calculated from sedimentation and diffusion data and from an 


assumed partial specific volume of 0.73 is 30,000. 
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No contamination of 8-ICH with other pituitary hormones 
was indicated by biological assays designed to detect such con- 
tamination at the level of 0.1 per cent; a total dose of 0.5 ug. 
of 8-ICH produced a significant increase in the weight of the 
ventral prostate of young hypophysectomized rats. 
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A Simplified Purification Procedure for Human Prostatic 
Acid Phosphatase Based on pH and Ammonium 
Sulfate Fractionation* 
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In the course of attempts to prepare purified prostatic acid 
phosphatase in a reproducible fashion, it was found that a mix- 
ture of prostatic proteins could be resolved in favor of acid phos- 
phatase by controlling the variables of pH and ammonium 
sulfate concentration. Such an enzyme product could be ob- 
tained previously only by resorting to more elaborate methods 
(1-4). In this paper a detailed account is given of a new, brief 
procedure for purification of prostatic acid phosphatase and some 
comment on the reasons for each step is made. 


EXPERIMENTAL 


Materials and Methods 


Source of Prostate Glands—Glands were removed during sur- 
gery or at autopsy and stored in the Deep Freeze.! 

Saturation of Solutions with Ammonium Sulfate—The desired 
level of saturation was achieved by adding the required amount 
of solid salt. This quantity was calculated from the equations 
of Kunitz (5) which are based on the solubility of ammonium 
sulfate at 23°. 

Tris?-Citrate Buffer Solution, pH 3.7—This buffer was prepared 
by dissolving 10 gm. of citric acid monohydrate and 5 gm. of Tris 
in distilled water and adjusting the volume to 1 1. 

Citrate Buffer Solution, pH 4.9—Citric acid monohydrate 18.9 
gm. (Merck, reagent grade), was dissolved in 500 ml. of distilled 
water, and 180 ml. of 1 N NaOH solution and 100 ml. of 0.1 n 
HCI solution were added. If necessary, the pH of the solution 
was adjusted to 4.9 with either 1 n NaOH or 0.1 n HCI solutions. 
The volume was then made up to 1 |. with distilled water. 

Acetate Buffer Solution, pH 5.0, 0.2 m—18.75 gm. of sodium 
acetate trihydrate (Merck, reagent grade) were dissolved with 
3.55 ml. of glacial acetic acid (Merck, reagent grade) in distilled 
water and brought to a final volume of 11. This buffer was 
diluted appropriately with water to give solutions that were 
either 0.12 or 0.1 m at pH 5. 

Measurement of Enzyme Activity—aA unit of activity was equiv- 


* This work was supported in part by grants from the American 
Cancer Society, Inc., New York, New York (P-106, P-107) and 
from the National Institutes of Health, Bethesda, Maryland 
(RG-3213, CS-9082). 

1 We are indebted to Drs. Christian, Reiner, and Freiman for 
supplying most of the prostatic tissue. 

2 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


alent to the amount of enzyme that liberated 1 mg. of phenol 
per hour under the following standard conditions. Reaction 
mixtures containing 5 ml. of citrate buffer solution, pH 4.9, 0.5 
ml. of 0.03 per cent bovine serum albumin (Armour) in water, 


0.5 ml. of enzyme appropriately diluted in citrate buffer solution, | 


and 1.0 ml. of a 1 per cent solution of disodium phenylphosphate 
(Paul-Lewis Laboratories) in water were incubated at 37.5° for 


15 minutes. The reaction was started by adding the substrate | 


and was stopped by adding in sequence 1 ml. of Folin-Ciocalteu 
reagent (6), 2 ml. of H.O, and 2.5 ml. of 20 per cent sodium car- 
bonate in water. 


trophotometer. 
from the transmission values. Blanks for reagents were always 
included. 

The concentration of protein was estimated routinely from the 
turbidity that developed in 10 minutes in 4 per cent trichloro- 
acetic acid. The method used was that of Kunitz (5) in which 
1 ml. of solution containing about 0.5 mg. of protein was mixed 
with 4.0 ml. of a solution of 5 per cent trichloroacetic acid in 
water. After 10 minutes at room temperature, the optical 
density at 600 mu was measured in a Beckman model B spectro- 


photometer in a cell with a light path of 1 em. The amount of | 


protein present was obtained upon multiplying the optical 
density by 6.5, Kunitz’s conversion factor derived from stand- 
ardization with crystalline chymotrypsin (5). 

The criterion chosen for estimating progress in the purification 
of the enzyme was the specific activity which was defined as 
units of acid phosphatase activity per mg. of protein. 


RESULTS 


An outline of the purification scheme appears in Fig. 1 and 
typical results are presented in Table I. 

Step I. Extraction—The frozen prostate was sliced with a 
sharp knife and homogenized for 1 minute in a Waring Blendor 
with 1 volume of chipped ice and 3 or 4 volumes of ice-cold Tris- 
citrate buffer. The homogenate was filtered (gravity) through 
filter paper (Eaton-Dikeman, No. 637) at 5°. The filtrate 
(usually at pH 4.2) was assayed for acid phosphatase, and the 
material was judged worthy of further purification if the specific 
activity registered between 20 and 50. The success of the pro- 
cedure could not always be predicted from the initial specific 
activity. For instance, a product assaying 2140 units per mg. 
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After 5 minutes of incubation at 37.5°, the | 
transmission at 660 my was measured in a Coleman Junior Spec- | 
The amount of phenol was obtained graphically | 
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Frozen human prostate gland 


Homogenize with Tris-citrate (pH 3.7) 


Precipitate (discard) 


| 


Filtrate 


0.65 saturation ammonium sulfate 
(pH 7.5-8.5) 


Precipitate 1 


Extract I 


Supernatant Solution 1 
(discard) 


Extract with Tris-citrate (pH 3.7) 


0.45 saturation ammonium sulfate 


Precipitate 2 
Extract with Tris-citrate (pH 3.7) 
Extract II 


0.45 saturation ammonium sulfate 


Supernatant Solution 2 


Precipitate 3 


Supernatant Solution 3 


Fic. 1. Flow sheet of a simplified process for preparing prostatic acid phosphatase 


TABLE [| 
Isolation from human prostate of fractions rich in acid phosphatase* 
Weight of gland | Filtrate Supernatant Solution 1 Extract I Supernatant Solution 2 | Extract II | Supernatant Solution 3 
gm. ml, mg. | SAT ml. meg. SA ml. mg. SA mil. meg. | SA | ml. mg. SA | ml, me. SA 
Experiment A | | | 
82 | 373 | 109 | 94 76 | 10.9 | 10.5 | 164 | 222 | 10.9 1.42 | 2455 7.8 88.9 250 8.5 | 17.2 
Experiment B | | 
166 626 13.5) 1038 4.0) 5.7. 315) 838) 4.5 3.7 439 5.8 | 132 103. 5.0 2310 
Experiment C | | 
75 | 315 | 200 90 74. «59 10.1 213 160) 8.3) 4.3 | 2070 3.9 | («179 | 3.1 1.6 1490 
| 


* Prepared according to the flow sheet (Fig. 1). 
the preparation of Supernatant Solution 2. 


In Experiment B the saturation of ammonium sulfate was 0.53 instead of 0.45 in 


t SA, specific activity = units of acid phosphatase per mg. of protein. 


of protein has been obtained from a filtrate with a specific ac- 
tivity of only 16. On the other hand, very active filtrates (200 
units per mg.), frequently lost activity during the fractionation, 
and material no better than 1700 to 1800 units per mg. was ob- 
tained from such rich starting material. | 

In perfecting the initial extraction, a number of conditions for 
extracting the enzyme from such slices were investigated (Table 
Il). The extracting agent was added to the slices, and the mix- 
ture was then shaken manually (Experiment 1), or with the Boer- 
ner vibrating apparatus (Experiment 2), or it was homogenized 
ina Waring Blendor (Experiments 3, 4, and 5). Experiment 5 


shows that at pH 3.7, in contrast to pH 5.0, the solubility of the 
impurities decreased without diminishing the yield of enzyme. 
However, it was noted that if the pH of the extract was at 3.6 
and not at 4.2, filtration was very slow. 

Step II. Ammonium Sulfate Treatment—(a) The enzyme 
was precipitated from the filtrate at pH 7.5 to 8.5 with the addi- 
tion of solid ammonium sulfate as in the following manner. 

The pH of the filtrate was elevated by adding first an amount 
of 22 per cent Tris buffer solution equal to 3 per cent of the vol- 
ume of filtrate and, next, the required quantity of dilute ammonia 
solution to achieve a pH of 7.5 to 8.5 (glass electrode). The 
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528 Purification of Human Prostatic Acid Phosphatase 


TABLE II 
Extraction of acid phosphatase from frozen prostatic tissue 


Temperatures were kept near 5°. The slices were removed on a 
Biichner funnel (no paper) whereas the homogenates were filtered 
through paper by gravity. 


— Treatment of Composition of extracting Extrac- 
0. 


slices agent tant Extract 


units/ | units/ 
gm wel mg. 
weight | protein 


1 Extracted 0.12 M acetate buffer pH 
for 3 hours 5.0 

First extract 

Second extract 


ww 


2 | Vibrated and; 0.2 mM acetate buffer pH 120 8.1 
extracted 5.0 
for 5min- | HO 5 140 8.0 
utes HO 10 15 

3 | Homogenized| H2O 6 | 1800 | 38 
1 minute Tris-citrate, pH 3.5* 6 | 3000 | 205 

4 | Homogenized) Tris-citrate, pH 3.7 5 560 | 52 
1 minute Tris-citrate, pH 3.7 10 700 | 5&4 

5 | Homogenized)| 0.1 M acetate, pH 5.0 5 860 | 21 
1 minute Tris-citrate, pH 3.7 5 875 | 50 


* This was the standard Tris-citrate, pH 3.7 adjusted to 3.5 
with 3 n HCl. 


filtrate so adjusted was chilled in ice, and solid ammonium sul- 
fate was added with continuous mechanical stirring to 0.65 
saturation. When all the salt had dissolved, the mixture was 
centrifuged at 0° for 10 minutes with the high speed attachment 
of the International refrigerated PR-1 centrifuge. This yielded 
Precipitate 1 and Supernatant Solution 1. Previous experiments 
in this laboratory had shown that, under such conditions, a 
substantial amount of nonacid phosphatase proteins remained 
soluble. 

(b) The wet residue (Precipitate 1) was then suspended in a 
volume of Tris-citrate buffer solution, pH 3.7, equivalent to no 
more than 10 per cent of the volume of the original filtrate. In- 
soluble protein was removed by centrifugation and discarded, 
yielding Extract I. 

At this point, one should be aware that the volume of Tris- 
citrate buffer solution used will determine the pH, concentration 
of ammonium sulfate, and the amount of protein in the suspended 
mixture. As a rule it was found that the pH of Extract I was 
about 4.5, and it was estimated that the concentration of am- 
monium sulfate was no more than 0.20 of saturation and that the 
protein concentration was above 1.5 per cent. Under these cir- 
cumstances, purification frequently resulted from the insolubility 
of nonacid phosphatase proteins. 

(c) Extract I was brought to 0.45 saturation by the addition 
of a quantity of solid ammonium sulfate computed on the as- 
sumption that Extract I was salt-free. This operation, and the 
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collection of Precipitate 2 were carried out as described in Step 
IIa. The supernatant solution (Supernatant Solution 2) con- 
tained the purified enzyme and was stored in the cold. The in- 
soluble residue (Precipitate 2) was extracted with an amount of 
Tris-citrate buffer solution of pH 3.7 to yield a mixture of which 
the protein concentration was above 1.0 per cent. Occasionally 
this precipitate dissolved completely. The clear solution (Ex- 
tract II) was then made 0.45-saturated with respect to ammo- 
nium sulfate, again on the assumption that the extract was at 
zero saturation. At this point Supernatant Solution 3 and 
Precipitate 3 were collected. Supernatant Solutions 2 and 3 
represent the desired product of the method, and, after assay, 
they may be used separately or combined, depending on the pur- 
pose for which they were prepared. 

It should be noted that because of the composition of the wet 
Precipitates 1 and 2, the ammonium sulfate concentrations in 
Supernatant Solutions 2 and 3 must be greater than those ex- 
pected on the basis of the stated assumption underlying the com- 
putation for the amount of salt to be added. In both cases, 
therefore, the final saturation level actually exceeded 0.45, but 
Supernatant Solution 3 was closer to this value than was Super- 
natant Solution 2. Nevertheless, when Steps IIb and IIc were 
carried out as described, the results were satisfactory. Similarly, 
the pH of Supernatant Solution 2 was found to be more alkaline 
than the pH of Supernatant 3 and of the Tris-citrate buffer 
solution used for extraction. 

Where it has been important to secure the best possible yield 
of active enzyme, it has been our practice to precipitate three 
times at 0.40 rather than at 0.45 saturation. Our best results 
with the modified procedure gave two fractions containing 25 per 
cent of the activity and assaying over 5000 units per mg. The 
specific activity of the protein in the filtrate had been 108 ini- 
tially. 


SUMMARY 


Data are reported on the extraction of protein from frozen 
human prostate glands which provided good conditions for mak- 
ing acid phosphatase-rich extracts. 

A distinctive property of: prostatic acid phosphatase is its 
solubility and stability in tris(hydroxymethyl)aminomethane- 
citrate-ammonium sulfate mixtures at acid pH. 

It was observed that, in contrast to the enzyme, much of the 
nonacid phosphatase protein of prostate tissue extracts was solu- 
ble in 0.65-saturated ammonium sulfate solution near pH 8.0 


and largely insoluble at about the 0.40 level of saturation near | 


pH 4.0. 
On the basis of these facts, a convenient procedure has been 


devised for preparing prostatic acid phosphatase of high purity. 
An account is given of the procedure. 
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Acid glycoprotein! isolated from normal human plasma is 
distinguished by its particular chemical composition and phys- 
ical-chemical properties (1-3). Most evident are the extremely 
high content of neutral and amino sugars and sialic acid and the 
unusually low isoelectric point. Very little is known about the 
physiological role of this protein which has a very short half-life 
of 1 to 2 days (4). Variation and fluctuation of the serum con- 
centration of acid glycoprotein have been studied in numerous 
unrelated disorders (5). With few exceptions (5), the level of 
this glycoprotein was found to be elevated, and this was inter- 
preted as an expression of a nonspecific reaction. 

Acid glycoprotein, because of its electrophoretic, ultracentrif- 
ugal, and immunochemical purity (6), and because of the firm 
conjugation between polypeptide and carbohydrate? moiety, is 
of special interest to the protein chemist. The problems which 
this protein presents, in addition to those posed by the ‘‘simple”’ 
proteins (7, 8), are the elucidation of the bonding between the 
polypeptide and carbohydrate portion, and that of the sequence 
within the sugar unit(s) (9). So far very few investigations on 
the structure of acid glycoprotein have been reported. The ab- 
sence of an N-terminal amino acid (10) and the terminal loca- 
tion of sialic acid (11) are known. The lack of progress appears 
to be mainly due to the complexity of the structure and to the 
resistance of this protein to proteolytic enzymes (12). 

This paper describes an attempt to overcome some of these 
difficulties. A procedure was developed by which acid glycopro- 
tein can be transformed, by specific cleavage, into a modified pro- 
tein with well defined properties. The latter protein has ap- 
parently retained the polypeptide moiety in its natural state, but 
contains less than half of its original carbohydrate content. Our 
investigations reported here deal with both the native and modi- 
fied forms of a,-acid glycoprotein which were analyzed in terms 
of the C-terminal amino acid. Further, the method employed 
is compared with another procedure used for altering proteins. 


* This is publication No. 241 of the Robert W. Lovett Memorial 
Foundation for the Study of Crippling Disease, Massachusetts 
General Hospital, Boston, Massachusetts. This work has been 
supported by grants from the Helen Hay Whitney Foundation, 
New York, from the Lilly Research Laboratories, Kli Lilly and 
Company, and from the National Institute of Arthritis and Meta- 
bolic Diseases (A-509 C4), National Institutes of Health, United 
States Public Health Service. A preliminary communication on 
part of this work was presented at the XIIth Conference on Blood 
Cells and Plasma Proteins, Albany, New York, November 25, 1957 
(see abstract: Vor Sanguinis, 3, 50 (1958) ). 

' The synonym of this protein is orosomucoid. See (3). 

* So far complete separation of the carbohydrate from the polvy- 
peptide moiety has been achieved by total hydrolysis only. 


EXPERIMENTAL 

1. Method for Specific Cleavage of Acid Glycoprotein—Acid 
glycoprotein prepared by the low temperature-low salt-ethanol 
procedure (2) was dissolved at 0° in precooled concentrated HCI. 
The solution was placed in a —20° bath, saturated with HC! gas, 
and kept at 0° for 4 hours. The final result did not differ sig- 
nificantly when the incubation time was extended to 8 hours. 
During this procedure the solution turned from colorless to 
slightly pink. At the end of the reaction excess HCl was re- 
moved in a vacuum at 2° and the remaining solution dialyzed 
against a 20-fold volume of water. Both outside and inside 
solutions were lyophilized. If the inside solution was not neu- 
tralized and redialyzed before freeze-drying, a water-soluble 
preparation was obtained which was denatured as judged by 
ultracentrifugal analysis. 

The dialyzable fraction amounted to approximately 15 to 20 
per cent of the protein and consisted on average of 40 per cent 
hexose, 10 per cent hexosamine, and 50 per cent sialic acid. 
These components could be separated from each other with the 
aid of ion exchange resins. The dialyzable fraction contained 
essentially all the fucose but little mannose, the remainder of the 
hexose being galactose. It was analyzed particularly for amino 
acids and peptides by coupling them with FDB* following hydrol- 
ysis with 5 nN HCl at 100° for 17 hours. The resulting DNP- 
amino acids were separated and quantitatively estimated (13). 
They amounted to less than 0.1 per cent of the original protein. 
The ammonia liberated during this procedure was approximately 
10 per cent of the total amide-nitrogen (14). 

The average composition of the nondialyzable fraction was: 
hexose 13 per cent (17), hexosamine 9 per cent (12), sialic acid 
5 per cent (11), and polypeptide moiety 76 per cent (66); nitrogen 
11.8 per cent (10.8). The numbers in parentheses refer to the 
corresponding values of the native protein (1-3). No fucose 
could be detected. If the incubation time was much prolonged, 
preparations containing as little as 2 per cent of sialic acid were 
obtained. On ultracentrifugal analysis the nondialyzable frac- 
tion appeared homogeneous (Fig. 1) and its sedimentation 
constant of 3 s was not significantly different from that of native 
acid glycoprotein. The diffusion constant as judged roughly by 
ultracentrifugal analysis remained comparable to that of the 
native protein. Judging again from ultracentrifugal analysis, 
denaturation could be brought about by incubation with dilute 
aqueous hydrochloric acid at elevated temperature. Electro- 
phoretic analyses carried out over a pH range from 2.7 to 8.6 


3’ The abbreviations used are: FDB, fluorodinitrobenzene; DNP, 
dinitrophenyl. 
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Fic. 1. Ultracentrifugal pattern of modified a-acid glycopro- 
tein. Speed 56,100 r.p.m., picture taken 88 minutes after full 
speed was attained. Centrifugal movement from left to right. 
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Fic. 2. Electrophoretic mobility of acid glycoprotein and its 
derivatives as a function of pH. Curve 1, native acid glycopro- 
tein; see also reference 2. Curve 2, modified acid glycoprotein as 
described in Section 1. Curve 3, modified and esterified acid gly - 


coprotein. 


(Fig. 2) indicated that, owing to the removal of sialic acid, the 
isoelectric point was shifted from 2.7 to 4.9. Further, the 
original electrophoretic homogeneity had been lost. Near the 
isoelectric point two components were observed. ‘Treatment of 
the nondialyzable fraction with FDB yielded a water-insoluble 
derivative in contrast to the native acid glycoprotein. For com- 
parison, the DNP-derivative of native acid glycoprotein was 
hydrolyzed under the same conditions. Its nondialyzable yellow 
fraction was also insoluble in water. A comparison of the prop- 
erties of the modified and native acid glycoprotein is given in 
Table I. 

Additional experiments were carried out in which the hydrol- 
ysis was performed in absolute methanol under otherwise identi- 
cal conditions. This procedure had the advantage that HC] and 
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the solvent could readily be evaporated at low temperature. 
The composition of the dialyzable and nondialyzable fractions 
was comparable to those reported above. The liberated am- 
monia, probably amide nitrogen (14), varied between 1 and 3 per 
cent of the total amide-nitrogen. The esterification of the car- 
boxyl groups represented the main difference between the two 
procedures. Thus, the electrophoretic mobilities of this protein 
derivative remained positive over the entire pH range (Fig. 2). 
Again electrophoretic heterogeneity was observed at pH values 
where the net charge was small. Apparent homogeneity was 
noted on ultracentrifugal analysis. 

2. Hydrolysis of Acid Glycoprotein with Aqueous Acetic Acid at 
Elevated Temperature—This method was used in order to obtain 
a comparison with that described in Section 1. Because aqueous 
acetic acid does not generally hydrolyze proteins at room tem- 
perature, the effect of this acid at elevated temperature on acid 
glycoprotein was investigated. Hydrolysis with 10 per cent 
acetic acid (pH 2.8) at 70° was carried out for one hour. There- 
after, the hydrolysate was cooled to room temperature and 
mixed with 3 times its own volume of 95 per cent ethanol. In- 
soluble material was removed by centrifugation and the clear 
solution evaporated to dryness. Four gm. of acid glycoprotein 
afforded 240 mg. of nonprecipitable material (6 per cent). To 
analyze for amino acids and peptides an aliquot of the latter was 
hydrolyzed (5 Nn HCl, 100°, 17 hours). Ten different amino 
acids were detected by two-dimensional paper chromatography. 
Quantitative estimation of the DNP-derivatives (13) indicated 
that approximately 2 per cent of the nonprecipitable material 
consisted of amino acids or peptides. Thus, this hydrolytic pro- 
cedure resulted in the loss of only 0.1 to 0.2 per cent of all amino 
acids. The amount of recovered, precipitable protein varied be- 
tween 93 to 95 per cent. In contrast to native acid glycoprotein, 
such preparations were susceptible to proteolytic enzymes like 
pepsin, papain, and bromelin. 

3. Analysis of Modified Acid Glycoprotein; Determination of 
C-Terminal Amino Acid—(a) Carborypeptidase. Before analysis 


TABLE I 
Properties of modified and native acid glycoprotein 


Property Modified Native 


Similarities: 

Ultracentrifugal analysis....... 

Sedimentation constant at 1% | 
protein concentration, sa,w....| 3.0 

C-terminal amino acid.......... 1 mole serine | 1 mole serine 


. homogeneous | homogeneous 


Polypeptide content (©%)........| 76 66 
Differences: | 
Electrophoretic analysis. ... heterogene- homogeneous 
ous 
Isoelectric point at pH......... 4.5 (acetate, 2.7 (phosphate, 
r/2, 0.1) 1/2, 0.1) 
Solubility, in ethanol-water..... decreased | 
DNP-derivative, in water.......| insoluble soluble 
Total hydrolysis (5 HCl, 100°, | 
| of humin 
Carboxypeptidase............... susceptible resistant 
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TABLE II 
Determination of C-terminal amino acid of acid glycoprotein 


Carboxypeptidase | Reduction at 100° 
Protein | Hydrazinolysis 
Total amount of amino Other amino acids 
acide released Serine | 5 ~ HCl Liquid NH; 
mae mole/mole protein mole/mole protein mole serine/mole protein 
Native acid glycoprotein. ... 0.1* nil several 0.8 nil serinol 
Denatured acid glycoprotein. 0.2* 0.08 glutamic acid, 0.8 
alanine, 
threonine 
DNP-acid glycoprotein....... 0.4* 0.22 glutamic acid | 
Nondialyzable fraction of | 
acid glycoprotein. ........ 0.50-0.65* glutamic acid, 0.8 nil serinol 
glycine, as- 
partic acid 
Bovine serum albumin....... 0.8 alanine alaninol 
| 


* Incubation time 6 hours. 
+ Not determined. 
t Incubation time 0.5 hour. 


the acid glycoprotein was freed from ions of zinc and barium 
and, particularly, from glycine introduced during its prepara- 
tion. This was achieved by exhaustive dialysis against 0.1 M 
NaCl or 0.05 m NaHCO3. Twice recrystallized carboxypep- 
tidase (Armour and Company) was employed with 0.05 m 
NaHCO; as solvent and diisopropylfluorophosphate as inhibitor 
(15). The liberated amino acids were isolated on Dowex 50-X-12 
(H-cycle), eluted with 5 nN NH,OH, and chromatographed on 
paper (15). For quantitative measurements they were trans- 
formed into their DNP-derivatives and separated by paper 
chromatography. The following results were obtained (see also 
Table IT). 

Native acid glycoprotein, after an incubation time of 6 hours, 
yielded traces of several amino acids the sum of which was less 
than 0.1 mole per mole of protein. Controls indicated that these 
amino acids did not arise from the enzyme itself. 

Denatured acid glycoprotein afforded, after the same incuba- 
tion time, approximately 0.08 mole of serine, a minute amount 
of glutamic acid, and traces of alanine and threonine. The 
total amount of liberated amino acids was 0.12 mole per mole 
of protein. The denaturation was attained by keeping an 
aqueous solution of this protein containing ethanol and ether at 
room temperature for 6 weeks. One gm. of protein was dis- 
solved in 50 ml. of water, mixed with 28 ml. of 95 per cent ethanol 
and saturated with ether. As judged from ultracentrifugal 
analysis about half of the protein had been denatured (increasing 
sedimentation constants of the aggregated protein particles). 
DNP-acid glycoprotein (10), under the same conditions, yielded 
a total of 0.40 mole of free amino acids of which 0.22 mole was 
serine. The nondialyzable fraction of this protein described in 
Section 1 yielded 0.50 to 0.65 mole of serine per mole of protein, 
a small amount of glutamic acid and glycine, and traces of 3 
other amino acids (incubation time, 4 hours). The activity of 
this enzyme was determined by the following experiments: bovine 
serum albumin, ribonuclease, and insulin each yielded approxi- 
mately 1 mole of alanine per mole of protein after an incubation 


time of 30 minutes. 
used as control. 

(6) Hydrazinolysis was carried out as described by Niu and 
Fraenkel-Conrat (16, 17). The DNP-derivatives of liberated 
amino acids were chromatographed and their quantity deter- 
mined (13). The following results were obtained (see Table 
II). 

Native acid glycoprotein, its denatured form, and the non- 
dialyzable fraction each yielded approximately 0.8 mole of DNP- 
serine per mole of protein (without correction for destruction). 
Traces of glutamic acid were noted. The DNP-serine was 
hydrolyzed with 5 n NH,OH at 100° for 2 hours to recover the 
free amino acid which was identical with serine as judged by 
paper chromatography. Sialic acid and the dialyzable fraction 
of this protein described in Section 1 when subjected to hydra- 
zinolysis did not yield any DNP-amino acids, thus excluding the 
possibility that the C-terminal serine could be an artifact. In 
control experiments bovine serum albumin and lysozyme yielded 
approximately 0.8 mole of alanine and leucine, respectively. In 
order to determine the correction factor due to destruction during 
hydrazinolysis, the following experiment was carried out. To 1 
umole of a,-acid glycoprotein, 2 umoles of free serine were added 
and subjected to analysis. A total of 2.2 umoles of serine were 
recovered corresponding to a recovery of 70 per cent. 

(c) Reduction with LiBH,. The method of Chibnall and Rees 
(18) involving reduction of the esterified proteins with LiBH, in 
tetrahydrofuran was used. The reduction was carried out at 
22° over a period of 17 hours. The terminal amino alcohols were 
liberated by hydrolysis with 5 Nn HCl, transformed into their 
DNP-derivatives and chromatographed according to Crawhall 
and Elliott (19). The following results were obtained. Acid 


In all experiments an enzyme blank was 


glycoprotein and its nondialyzable fraction failed to give any 


amino alcohol. Under identical conditions bovine serum al- 
bumin and lysozyme yielded consistently the expected amount of 
alaninol and leucinol, respectively. The failure of the a-acid 
glycoprotein to yield serinol is most likely due to the instability 
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of free serinol during acid hydrolysis. However, in liquid NHs, 
2 N NaezCOs, or hydrazine, serinol is relatively stable. The re- 
covery of serinol as its DN P-derivative after incubation in liquid 
NH; at 120° for 16 hours (20) varied between 14 and 28 per cent. 
If the reduced form of acid glycoprotein was hydrolyzed under 
the latter conditions DNP-serinol was isolated in amounts equal 
to 0.10 to 0.15 mole per mole of protein. In one out of four ex- 
periments DN P-alaninol was isolated instead. This discrepancy 
seems to be resolved by the fact that the serine may be reduced 
to alanine in liquid NH; at 100° (20). 


DISCUSSION 


The method for the preparation of the modified a)-acid glyco- 
protein is characterized by its extreme simplicity. Under the 
well controlled conditions employed (saturated aqueous HC] at 
0° for 4 hours), specific cleavage was obtained leading to a modi- 
fied protein. The process of cleavage appears to involve only 
certain distinct bonds. This is inferred from the following ob- 
servations. No unaltered material was found in the modified 
protein as judged by electrophoretic analysis. Also the lack of 
fucose in the latter protein was noted. The C-terminal amino 
acid remained unchanged. The composition of the altered pro- 
tein varied insignificantly when the time of this specific hydrolysis 
procedure was prolonged. 

The disadvantage inherent in the described procedure is the 
possible chlorination of the carbohydrate components and the 
relatively nonspecific hydrolytic liberation of amide-nitrogen and 
mannose, galactose, and glucosamine. Rearrangement of the 
amino acid residues within the polypeptide chain is probably ex- 
cluded because such reactions appear to occur only in dilute 
acids (21). 

The properties of the modified protein are summarized in 
Table I and compared with those of the original acid glycopro- 
tein. It appears important to discuss the following two points: 
(a) Only part of the sialic acid had been removed. This could 
be interpreted as due to linkage of sialic acid to the core of the 
protein through two types of bonds, O- and N-glycosidic bonding 
(12, 22). Possibly because of the imcomplete removal of the 
sialic acid and to the liberation of the new amino groups on which 
sialic acid had been bound, and because of the partial hydrolysis 
of the amide-nitrogen, the modified protein was found to be 
heterogeneous on electrophoretic analysis. The removal by 
hydrolysis of part of the sialic acid and the total content of fucose 
are in agreement with the work of Popenoe and Drew (11) and 
that of Winzler (9). (b) Total hydrolysis (6 n HCl, 100°, 17 
hours) of the modified protein did not form any humin material. 
Only a slight darkening of the hydrolysate was observed. Thus, 
it is anticipated that the amino acid analysis of such modified 
glycoproteins will provide values which approximate more closely 
those of the native protein. 

Other conditions for partial hydrolysis of acid glycoproteins 
have been studied. (a) The hydrolysis with aqueous acetic acid 
appeared to be of particular interest. After 1 hour at pH 2.8 
and 70°, a very small amount of amino acids or peptides was lib- 
erated, comparable to that obtained by treatment with cold 
saturated HCl. However, the polypeptide moiety had been 
denatured, as judged by the large increase in viscosity of such 
hydrolysates and the greatly decreased solubility in water. Sim- 
ilar results were obtained when acid glycoprotein was incubated 
with CF;COOH at room temperature for 2 to 3 days. (6) Winz- 
ler (9) reported on the hydrolysis of acid glycoprotein with 0.01 
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N HCl at 100°. Under these conditions a large percentage of the 
polypeptide moiety became dialyzable. (c) Weimer and Rice 
(23), who investigated the effect of HClO, on acid glycoprotein, 
reported that incubation at room temperature brought about 
the liberation of sialic acid and fucose, thereby modifying the 
a,-acid glycoprotein so that its electrophoretic mobility became 
that of the a-globulins. 

The study of the determination of the C-terminal amino acid 
of acid glycoprotein indicated that carboxypeptidase does not 
attack this protein. This is probably because of the presence of 
sialic acid and because of the specific amino acid sequence of the 
peptide chain. The modified protein, e.g. after removal of part 
of the sialic acid, yielded 0.5 to 0.6 mole of serine per mole of 
protein. Thus, the carbohydrate components, excepting sialic 
acid, do not seem to influence significantly the reactivity of 
carboxypeptidase. The low yield of serine is due to the speci- 
ficity of carboxypeptidase, since it is known that it liberates this 
amino acid only with difficulty (24-27). The fact that the 
ethanol-ether-treated acid glycoprotein or the DN P-derivative of 
this protein (28) were more susceptible to this enzyme than the 
native protein, appears to suggest that changes of the secondary 
and tertiary bonds in the protein structure influence the reac- 
tivity of this protein towards carboxypeptidase. Moreover, this 
consideration would seem to explain the difficulties in obtaining 
quantitative results with respect to the number of polypeptide 
chains present in acid glycoproteins. 


Hydrazinolysis yielded 0.8 mole of C-terminal serine per mole 


of acid glycoprotein with both the native and modified protein. 


Correcting for a recovery of 70 per cent, this result means that | 


acid glycoprotein most probably contains 1 mole of C-terminal 
serine and thus one polypeptide chain. Esterification and reduc- 
tion of glycoprotein with LiBH, according to Chibnall and Rees 
(18), followed by hydrolysis of the formed C-terminal amino 
alcohol, yielded serinol and confirmed the above findings. Owing 
to the extreme instability of serinol, no quantitative results could 
be obtained. 

The investigations on the C-terminal amino acid of acid glyco- 
protein can be summarized as follows: (a) All 3 methods yielded 
compatible results. (b) The C-terminal amino acid is relatively 
readily available to specific reagents, in contrast to the N-ter- 
minal amino acid. (c) Strong evidence was obtained that serine 
occupies the C-terminal position. (d) Probably there is 1 mole 
of serine per mole of protein, a ratio which would suggest that 
acid glycoprotein contains a single polypeptide chain. 


SUMMARY 

1. A method for specific cleavage of a,-acid glycoprotein, in 
saturated aqueous HC! at 0°, was developed for partial removal 
of sialic acid and hexoses. The polypeptide moiety appeared to 
retain its native state. 

2. The C-terminus of acid glycoprotein is occupied by serine. 
There appears to be 1 mole of serine per mole of protein thus sug- 
gesting a single polypeptide chain. 

3. Acid glycoprotein is resistant to carboxypeptidase but be- 
comes susceptible to this enzyme after removal of part of its 
sialic acid. 
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The contraction of the proximal tail protein of T2 bacterio- 
phage during invasion has been associated with the hydrolysis 
of the ATP and dATP! which are constituents of the phage tail 
(1). Since all contractile proteins thus far studied hydrolyze 
externally added ATP (2), the interaction of T2, T4, and T5 
bacteriophages with added ATP has been studied. Highly 
purified preparations of these virus particles have been found 
indeed to have characteristic phosphatase activities. The prop- 
erties of the phage phosphatase have been found to be similar in 
many respects to those of actomyosin. It has been concluded 
that the phage phosphatase is an integral part of the phage struc- 
ture and is probably identical with the contractile protein. 


EXPERIMENTAL 


Preparation and Alteration of Phage Stocks—Stocks of T2r* and 
T4r*+ were grown and purified as described earlier (3). T5 stock 
was grown on Escherichia coli strain B in a Tryptose (Difco) 
medium and was stored in Ringer’s solution. Freezing and 
thawing of phage were performed as follows. The phage sus- 
pension (usually 2 x 10" phage particles) was centrifuged for 
1 hour at 20,000 x g, the supernatant discarded, and the phage 
pellet resuspended in 0.4 ml. of buffer. The tube was then 
immersed in an acetone-Dry-Ice bath for 10 minutes and then 
in a 37° bath for 2 to 3 minutes. This procedure resulted in 
the inactivation of more than 98 per cent of the phage. Both 
T2 and T4 are radically altered by freezing; they have ruptured 
heads, their tail fibers are removed, and the proximal tail pro- 
tein appears contracted (4, 5). 

Phage stocks were incubated at 37° for 4 hours with crystalline 
trypsin or chymotrypsin (free of phosphatase activity) at a final 
concentration of 0.4 mg. per ml. The titer of T2 and T4 sus- 
pensions was unaffected by the enzyme treatment; the titer of T5 
stocks fell slowly whether it was kept in Ringer’s solution or was 
treated with these enzymes. 

Enzyme Assay—Details of the enzyme assay are described in 
Table I. The assay mixture was incubated for 6 hours at 37°, 
the reaction was stopped with trichloroacetic acid, and after 
centrifugation the P; in the supernatant was determined by the 
method of Gomori (6). In the controls, the phage suspension 
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in 0.4 ml. buffer was added after incubation but just before the 
acid. Less than 1 mumole of ATP or ADP out of 2500 mumoles 
initially present was hydrolyzed per hour in the control mixtures, 
Controls for frozen phage were stored in the deep freeze to avoid 
the liberation of a substance interfering with the phosphorus 
analysis. 

When necessary, protein was determined by the method of 
Lowry et al. (7) or by the biuret method (8). Products of nucleo- 
tide hydrolysis were determined by paper chromatography (9). 

All chemicals were obtained from commercial sources except 
the dATP which was kindly furnished by Dr. A. Kornberg. 


RESULTS 
Enzymatic Activities in Phage Preparations 


Enzymatic Activities of Intact Phage—T2, T4, and T5 phage 
hydrolyzed ATP and released P; into the medium (Table J). 
Phage preparations were purified to constant enzymatic activity 
by methods previously described (1). All three phages, when 
freshly prepared, exhibited approximately the same level of 
phosphatase activity with ATP as a substrate. Two phage stocks 
of each type were prepared and all were equally active. 

The action of these highly purified phage preparations on 
other substrates was examined. The rate of hydrolysis of ADP 
was 20 to 30 per cent faster than that of ATP with T2 and T4 
and 30 per cent slower with T5. dATP, tested as substrate 
because it is a constituent of T2 phage (1), was hydrolyzed by T2 
at the same rate as was ATP. AMP and pyrophosphate were 
hydrolyzed by T4 at rates slightly exceeding those for ATP. 
The phosphatase activity was always proportional to the amount 
of phage used. The rate of reaction conformed to that required 
by zero order kinetics with 0.001 m ATP as well as with 0.001 
mM ADP as the substrates. The experimental results shown in 
Fig. 1 show that parallel liberation of ADP and P; occurs when 
ATP is broken down. 
24-hour sample. It can be concluded that the main reaction 
is ATP — ADP + Pi. 


2 Some day to day variation was encountered in the activity of 
the same preparation. For example, with a particular T4 prepara- 
tion whose phosphatase activity on ATP was determined under 
identical conditions in 15 separate assays over a 30 day period, 
the amount of P; liberated varied between 45 and 119 mymoles. 
The average was 78 mumoles and the standard deviation 23 mg- 
moles. This variation can at least partly be attributed to the 
variable amount of phage which was lost when the phage was 
centrifuged and resuspended in buffer. A second source of varia- 
tion appeared to be the different amounts of cations which were 
carried over into the reaction mixture. Direct comparisons be- 
tween experiments performed on different days are therefore dif- 
ficult to interpret. No experiments, however, have been included 
here unless results were qualitatively the same in at least three 
separate experiments. 
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TABLE I 


Liberation of inorganic phosphate from ATP by intact, frozen, and 
trypsin-treated bacteriophages T2, T4, and T5 

The following components were added to 5.0-ml. centrifuge 
tubes: 0.4 ml. of a suspension of intact or altered phage in 0.1 M 
buffer; 0.5 ml. additional 0.1 m buffer; 1.5 ml. of H.O (or other 
solution); and 0.1 ml. of 0.025 m substrate such as NasATP. The 
final volume was 2.50 ml. and the substrate concentration was 
0.001 m. All activities are expressed in mumoles of P; liberated 
after 6 hours of incubation at 37°. The samples each contained 
2X 10!? phage particles corresponding to 800 ug. of phage protein. 
All samples contained NH,Cl at a concentration of 8 K 107? M. 
Histidine buffer at pH 6.6 and Tris buffer at pH 7.0 were used. 
T4 and T5 were treated with trypsin for 2 hours at 37° but T5 was 
incubated with trypsin for an additional 400 hours at 3 to 4°. 
The values given are averages from at least 2 determinations. 


Phage preparation 
Phage | Frozen and 
Intact Frozen | 
mymoles mymoles mumoles | mumoles 
of Px of Px of Py | of 
T2 71 | 
7.0 137 
| | | 
171 
| 7.0 | 


Enzymatic Activity of Altered Phage Preparations—F¥rozen 
phage preparations (except T5) have 150 to 200 per cent greater 
phosphatase activity with ATP than does intact phage (Table I). 
The increased activity in frozen T2 and T4 is presumably due to 
the exposure of a greater number of enzymatic sites. The fact 
that frozen T2 and T4 phage have lost their tail tips and show 
a contracted tail (4, 5) may facilitate the diffusion of ATP to 
the active sites. Kozloff and Lute have found (1) that they 
could extract more ATP and dATP from similarly altered phage 
than from whole phage, indicating the presence of ATP binding 
sites deep within the tail of the phage. T5 is genetically unre- 
lated to T2 and T4 and has a structure which differs from that 
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Fic. 1. The action of intact T4 on ATP. Intact T4 (2 XK 10” 
particles) was incubated with 2500 mymoles of ATP in Tris buffer 
at pH 7.0 (0.08 m NH,*, 0.001 m EDTA, 0.001 m ATP). Sample 
tubes were removed and frozen at various times. Analyses for 
inorganic phosphate were performed on aliquots while other ali- 
quots were chromatographed on paper (9). Spots corresponding 


to ATP and ADP were found for all samples but only the 24-hour 
sample showed a barely visible spot corresponding to AMP. The 
spots were cut out, eluted and the absorbancy of the eluate was 
measured. 
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of T2 and T4 in having a longer and much thinner tail. All the 
enzymatic sites of this phage apparently are available to ex- 
ternally added ATP. 

Treatment with trypsin or chymotrypsin invariably increased 
the phosphatase activity of all types of phage on ATP (Table I). 
No phosphatase enzyme was made soluble by the trypsin treat- 
ment, and all phosphatase activity sedimented with the virus 
particles. The increase in phosphatase activity of these prepara- 
tions was proportional to the length of exposure to trypsin for 
periods up to 4 to 5 hours. After this time, the phage titer and 
the phosphatase activity fell slowly. However, if after 2 hours 
at 37°, the trypsin digestion was continued in the cold, enzymatic 
activity increased further. Chymotrypsin had the same effect 
on phage preparations. 

The increase in phage phosphatase activity after treatment 
with proteolytic enzymes is similar to the accelerated ATP break- 
down reported for myosin after exposure to the same enzymes. 
While in the case of myosin, the protein is fragmented, liberating 
an enzymatically active fragment (10), there is no evidence for 
the liberation of a similar small active fragment from trypsin- 
treated phage. 

The phosphatase activity of T4 was increased about 2-fold 
by treatment with 0.1 mM glycine buffer at pH 10 (1) followed by 
neutralization. 

Conditions Affecting Enzymatic Activity of Phage Preparations 
on ATP—Since the major protein component of the phage tail 
appears to have actomvyosin-like properties (1), a number of 
factors which influence actomyosin AT Pase activity were studied. 
The pH optimum for the action of frozen T4 on ATP was de- 
termined using 0.035 m Tris or histidine buffers and was found 
to be at pH 7.0 with Tris buffer, although the results were less 
conclusive with histidine buffer. The amount of P; liberated 
from ATP by T2 and T4 was increased by substituting K* or, 
better, NH,* ions for Na* ions (Table II). This is exactly the 
sequence that Bowen and Gershfeld (11) found in studying the 
myosin ATPase activity. Increasing the Na* concentration 
from 0.002 m to 0.024 m caused a 30 per cent inhibition and a 
further increase to 0.11 M resulted in a 40 per cent inhibition of 
T2 and T4 phosphatases. Similarly myosin ATPase is inhibited 


TaB_e II 
Effect of various cations and EDTA on phosphatase 
activity of T2 and T4 on ATP 
Histidine buffer of pH 6.6 was used. The monovalent cations 
and Ca** were introduced as the chlorides, Mg** as the sulfate. 
EDTA, when present, was at a final concentration of 0.001 Mo. 
For other conditions refer to Table I. 


T2 | F treated 
i n 
Cation Frozen ae th try bat 
NoEDTA! EDTA NoEDTA! EDTA 
| myumoles | mymoles myumoles 
Be of P; of P; 
154 
| 100 | 161 | 145 16S 
NH,*, 0.08 Mm, and Mg**, 0.04 | | | | 
NH,*, 0.08 m, and Ca**, 0.04 | 
| 42 
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[II 
Effect of Mg**, Ca**, and Mn** on phosphatase activity 
of T5 on ATP 
For conditions see Tables I and II. Tris buffer at pH 7.0 was 
used. 
Concen- 
Treatment of Mg*t* Ca** Mn** 
ion 
0.0006 193 
0.006 210 145 860 
Trypsin, 2 hours at 37°...... 0 71 71 71 
0.0006 90 68 
0.006 58 93 790 
Trypsin, 2 hours at 37°, 14 
0.0006 570 380 
0.006 200 240 820 
TaBLe IV 


Effect of some divalent cations on ability of T5 to infect host cells 


This experiment was performed in a manner similar to that of 
Luria and Steiner (15). Bacteria were grown to 5 X 108 cells per 
ml. in Kay’s synthetic medium (14) and infected with T5 suita- 
bly diluted in synthetic medium (multiplicity about 0.1). After 
5 minutes samples were diluted 1:100 in synthetic medium with 
10-3 m Mg** or any of the combinations of divalent ions indicated 
in the Table. After 10 minutes incubation at 37°, samples were 
taken and diluted 1:10in chilled medium. Aliquots of 25 ml. were 
stirred in a cooled Waring Blendor for 2.5 minutes. All samples 
were assayed after a further dilution of 1:100 in synthetic medium 
with 10-* m Mg** and 5 X 10-4 m Ca** and 5 minutes incubation 
at 37°. Input of 100 per cent was 140 plaques. 


“Infective centers”’ “Infective centers”’ after 
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| without stirring | stirring 
Cation | | | . 
| 
j 
| 
| ee % % 
Mg*t, w........ 1.4 2.9 
Cat+, 5 X 10-4 M, | | 
and Mg*+,10-*m..| 95 | 68 | 27 19 29 
Mn++, 5 X 10-4 M, | | | 
and Mg*+, um... 89 | 64 39 44 


by Na? ions according to Mommaerts and Green (12), and Bowen 
and Gershfeld (11) have shown that among the monovalent ions 
tested, Na* alone decreases myosin ATPase activity. 

The phosphatase activity of highly purified preparations of T2 
and T4 were inhibited both by Mg++ and Ca++ (Table II), 
while that of freshly prepared T5 was enhanced by Mg*t, Ca*t, 
(and Mn**). However, after prolonged trypsin treatment of 
T5 at 4°, Mg** and Ca** inhibited its phosphatase activity 
(Table III). Mn** was found to influence T5 phosphatase in a 
quite distinct way from the other ions; Mn++ stimulated T5 
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preparations four times more than did Ca++ or Mgt+, and was 
still stimulatory after the phage preparation had been treated 
with trypsin. 

It was therefore of interest to investigate the effect of Mntt+ 
on the invasion of E. coli by T5. Earlier investigators have 
reported that Ca*+* is needed for T5 multiplication (13). Kay 
(14) has found that Sr++ and Mg++ have an effect less than that 
of Ca*+ and that Mn++ is ineffective. Luria and Steiner (15) 
later showed that Cat+ promoted the injection of DNA into 
the host cell; in the absence of Ca*+, vigorous stirring shortly 
after adsorption prevented the formation of infective centers 
(i.e. infected cells) presumably by breaking the attachment of 
the phage tail to the cell wall before the DNA could pass into 
the cell. In the presence of Ca++, the DNA had entered the cell 
after a short time and stirring did not affect the infected cell. 

It was found, using the methods of Luria and Steiner (15), that 
Mn*+ is more effective than Ca++ in promoting the formation of 
infective centers by our strain of T5 (Table IV) and presumably 
functions by aiding DNA injection. The fact that Mn++ en- 
hances enzymatic hydrolysis of ATP and also increases the 
infectivity of the phage suggests that a myosin-like contractile 
element requiring Mn++ (or Ca**) is involved in invasion by T5 
bacteriophage. 

EDTA is a known activator of myosin ATPase (16, 17). 
Kielley et al. (18) showed that Na+ + EDTA inhibited myosin 
ATPase activity but that K+ + EDTA, and NH,+ + EDTA 
to even a greater extent, increased myosin ATPase activity. 
Kozloff and Lute (1) have demonstrated that T2 phage cannot 
invade its host in the presence of Na+ and EDTA, but can do 
so in the presence of K+ or NH4yt+ and EDTA. These cation 
combinations with EDTA were all found to have corresponding 
effects on the enzymatic hydrolysis of ATP by T2 and T4 (Table 
II). It is of some interest that NH,+ + EDTA stimulated not 
only the phosphatase activity of intact T4 (33 per cent), but 
also the activities of frozen T4 (50 per cent), trypsin-treated 
T4 (22 per cent) and frozen trypsin-treated T4 (70 per cent). 

T5 again differed in behavior from T2 and T4 (Table V). 
The phosphatase activity of fresh and trypsin-treated T5 prepa- 
rations was inhibited by NH,*+ + EDTA (probably a reflection 
of the requirement for a divalent metal ion). However, after 
prolonged trypsin treatment, EDTA caused a 3-fold increase in 
phosphatase activity, in agreement with the effects of divalent 
cations at this stage of proteolytic treatment (Table III). Fur- 
ther evidence for the alteration in the T5 phosphatase activity 
after prolonged trypsin treatment is that citrate inhibited T5 
preparations when fresh or after only a short trypsin treatment, 
but had no effect after prolonged exposure of the phage to tryp- 
sin. 


TABLE V 
Comparison of effect of EDTA and citrate on phosphatase activity 
of different T5 preparations on AT'P 


For conditions, see Tables I and III. Tris buffer at pH 7 was 


used. 
Treatment of T5 No addition (0.001 M EDTA 0.002 m Citrate 
mumoles of | mumoles of P; of Pi 
Trypsin, 2 hours at 37°... 74 42 55 
Trypsin, 2 hours at 37°, 14 
500 1260 470 
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Effect of Inhibitors—The effect of Salyrgan (mersalyl), sodium 
salt of o-((3-hydroxymercuri-2-methoxypropyl) carbamy]] phen- 
oxyacetic acid, and Germanin (Suramin sodium), hexasodium 
bis(m -aminobenzoy]-m-amino - p- methylbenzoy] - 1 -naphthyla- 
mino-4,6,8-trisulfonate) carbamide, on the phosphatase activity 
of T4 were measured since, according to Hoffman-Berling (2), 
these substances, in concentrations from 2 to 5 «K 10-4 M, sup- 
press true contractile protein ATPases. The phosphatase ac- 
tivity of T4 on ATP was reduced to 60 per cent of the control 
value by 3 10-4mM Germanin. Increasing the concentration of 
Germanin from 3 X 104M to 1.8 « 10-3 m did not increase the 
inhibition. Presumably the large Germanin molecule is steri- 
cally hindered from reaching all ATP sites. Salyrgan (4 x 10-4 
m) inhibited T4 phosphatase only slightly (5 to 10 per cent). 
Hydroxylamine, 0.05 m, reduced the enzymatic activity of T4 
to 20 per cent of the original level. Preincubation of the phage 
for 3 hours with any of these inhibitors did not affect the degree 
of inhibition. All inhibitor experiments were performed in the 
presence of 0.08 m NH,*, 0.001 m EDTA and 0.036 histidine 
buffer at pH 7.0. 


Phosphatase Activity in Bacterial Preparations 


Although rigorous attempts were made to purify the phage 
preparations, there remained the possibility that their phospha- 
tase activity was due to contamination with host cell material. 
Studies of bacterial enzymatic activities on nucleoside poly- 
phosphates were carried out under the same conditions as used 
in phage experiments. A number of qualitative differences were 
found which point to the independent existence of the phage 
enzyme. 

E. coli strain B was grown in the usual fashion, sedimented, 
washed, and resuspended in saline at a concentration of 10° cells 
perml. This suspension was subjected to sonic vibration for 15 
minutes in a 9 ke. Raytheon sonic oscillator. Bacterial extracts 
were prepared in this manner because the resulting solution 
appears to be very similar to that obtained when £. coli strain B 
is lysed by phage infection (19). In some cases the sonic extract 
was fractionated by centrifugation and the individual fractions 
examined since #. coli strain B contains many different phos- 
phatases which may be either free or bound to particulate 
bacterial constituents. In the experiments in Table VI an 
amount of bacterial protein corresponding to the protein content 
of the phage in the assay system, 2.e. 800 ug. were used. In 
terms of protein content the bacterial extracts were from 3 to 9 
times more active than phage preparations in splitting ATP. 

Quite unlike phage preparations, bacterial extracts were 
markedly stimulated by even 0.04 m Mg** (Table VI). Bac- 
terial phosphatase activity on ATP was not inhibited by 0.1 
M Nat as is phage phosphatase. Treatment with pH 10 glycine 
buffer failed to increase the bacterial activity as it did for phage 
preparations. Hydroxylamine, which strongly inhibited T4 
phosphatase, did not affect the activity of the bacterial sonic 
extract. In agreement with Pardee (20), it was found that 
bacterial extracts hydrolyzed ADP at a lower rate than ATP. 
Trypsin treatment raised the activities of whole bacterial sonic 
extracts, high-speed pellets and high-speed supernatants by 15 
to 20 per cent. This is much less than the increase found after 
trypsin treatment of phage preparations. The phosphatase 
activity in fresh or trypsin-treated bacterial extracts was de- 
creased rather than increased by the addition of NH,* + EDTA. 
A comparison of the properties of the phosphatase(s) in bacterial 
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TABLE VI 


Phosphatase activity of sonic extracts of Escherichia coli strain B 
on ATP in presence of Mg**, Ca**+, and Mn** 

All activities are expressed in mymoles of P; released from 2500 
mymoles of ATP in 2 hours at 37°. Samples contained 0.08 m 
NH,CI and histidine buffer at pH 6.6. For preparation 1 the di- 
valent cations were used at concentrations of 0.04 w and for prep- 
arations 2 and 3 the concentration was 0.006 M. 


Divalent cations 


Bacterial preparation 


Ca** Mg** Mn** 


None 


| mumoles of mumoles of mumeles of | mymoles of 
Pi | P; Py Ps 
| 


1. Sonic extract......... 530 380 810 
2. Aged sonic extract.... = 310 580 960 
3. Trypsin treated high- 
speed pellet.......... 154 
VII 


Comparison of effect of various conditions on activity of T2 and T4 
phage phosphatase and host cell phosphatase 
For conditions and further details see Text. The values repre- 
sent percentages of activities under standard conditions. 


| Pretreat- | 
Enayme source | | mentwith 
pH 10 
| % % % % % 
Phage...........| 150 50 6 | 20 | Ww 
Bacterial sonic | 
50 150 100 100 100 


extracts and the phosphatases of T2 and T4 is shown in Table 
VII. 


DISCUSSION 


The data presented indicate that there is an enzyme in T2, 
T4, and T5 bacteriophages which is able to release inorganic 
phosphate from ATP. The possibility of a bacterial enzyme 
tenaciously adhering to the phage and responsible for the de- 
scribed phenomena cannot be completely excluded. Neverthe- 
less, the experiments with sonic extracts of suspensions of host 
bacteria show that the host £. coli strain B does not contain any 
significant amount of enzymes with properties similar to those 
of the phage phosphatase. Further evidence for the presence of 
a phosphatase enzyme as an integral part of these virus particles 
is the difference found between the enzyme associated with either 
T2 or T4 phage and the enzyme associated with T5, though all 
three phages are grown on the same host cell. Finally there are 
several properties of these enzymes which are in agreement with 
and support the view that the tail of these virus particles must 
contract during invasion (1). 

Kozloff and Lute (1) have shown that the proximal tail protein 
of bacteriophage T2 contains tightly bound ATP and dATP and 
that when this protein contracts upon interaction with the cell 
wall, there is cleaving of nucleoside triphosphate to the diphos- 
phate and inorganic P. The results of this investigation are in 
accord with these findings. T2 (and the closely related T4) 
cleave ATP into the same products and it appears that a consid- 
erable fraction of the sites where ATP is hydrolyzed are located 
deep within the tail structure. 
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T5 phage has a long thin flexible tail which would not readily 
permit the passage of the phage DNA from within the head 
through the tail and into the host cell. Although no electron 
micrographs of T5 with contracted tails have been obtained, 
there is information available about the requirements for DNA 
injection. It appears that the presence of Cat*+* (13-15), or as 
we have now found Mn**, is necessary for DNA injection. It 
is well known that Ca*+* stimulates the contraction of myosin 
and it can be proposed that Ca*+ and Mn*+* have a similar 
function in Td invasion. It is important to note that these ions, 
especially Mn++, greatly stimulate the phosphatase activity of 
highly purified T5 preparations. | 

The phosphatase activity of T2 and T4 is similar to that of 
actomyosin in the following ways: (a) both are inhibited by Na*, 
and stimulated by K+ and NH,* (11, 12); (6) both are stimulated 
by EDTA in the presence of K*+ or NH,* (18); (c) both are in- 
creased by trypsin and chymotrypsin treatment (10); (d) both 
are inhibited by Mg** (11). The phosphatase enzyme of T2 
and T4 differs from myosin in some important ways: (a) the 
phage phosphatases hydrolyze other substrates besides ATP 
which are not hydrolyzed significantly by actomyosin, for ex- 
ample, ADP, AMP, and pyrophosphate; (6) Ca**+, which stimu- 
lates actomyosin, inhibits T2 and T4 enzymes. 

The rate of ATP hydrolysis by T2 phage can be compared 
with the rate of ATP hydrolysis by other contractile proteins. 
Since the nitrogen of the contractile tail protein is 4 per cent of 
the total phage nitrogen (3) and there is 8 & 10-'4 mg. of nitro- 
gen per T2 particle (21), the contractile protein of 2 x 10 phage 
particles contains 6.4 mg. of nitrogen. 2 10 phage 
particles (after freezing and in the presence of NH,* and EDTA) 
hydrolyzed 240 mumoles of ATP in 360 minutes (Table II). 
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The rate of ATP hydrolysis is then 104 mumoles of ATP per mg. 
of nitrogen per minute. This value is in fair agreement with 
Weber’s statement (22) that nucleoside triphosphate must be 
cleaved with a velocity equal to or greater than 134 mumoles per 
mg. of nitrogen per minute in order for a muscle model to con- 
tract. 

The time that is required for the cleaving of the ATP and 
dATP in a single phage particle during invasion can also be 
calculated. Since one T2 contains 135 molecules of ATP + 
dATP (which equals 2.2 mumoles) and 3.2 mg. 
of nitrogen in its contractile protein, the nucleotides would be 
hydrolyzed in 0.6 minutes. This value is compatible with the 
fact that the process of invasion is completed within one minute. 


SUMMARY 


1. Highly purified preparations of T2, T4, and T5 bacterio- 
phages hydrolyze adenosine triphosphate, adenosine diphos- 
phate, deoxyadenosine triphosphate, and certain other phos- 
phates. 

2. The phosphatase activity of sonic extracts of Escherichia 
coli strain B differs markedly from that of phage. It is concluded 
that the phosphatase found in phage preparations is a viral 
component and not an adventitious host cell contaminant. 

3. Freezing T2 and T4 phage partially disrupts the tail struc- 
ture and increases the phosphatase activity. This suggests that 
the phosphatase is located in the tail of the phage. 

4. Ca++ and Mn++ promote T5 invasion and T5 phosphatase 
activity. This suggests that the phosphatase functions during 
invasion. 

5. It appears that the phage phosphatase is identical with 
the contractile tail protein and that it aids the introduction of the 
viral deoxyribonucleic acid into the host cell. 
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A Contractile Protein in the Tail of Bacteriophage T2* 


M. anp Muri Lure 


From the Department of Biochemistry, University of Chicago, Chicago, [llinois 


(Received for publication, July 28, 1958) 


Although in 1952 Hershey and Chase (3) showed that the DNA 
of the T2 phage head passes through the phage tail into the host 
cell, Escherichia coli, only recently have some of the reactions 
of this infectious process been identified (4-13). Current work 
has been concerned with the components of host cell wall and 
with the four proteins which compose the tail of this virus par- 
ticle. One of the problems is the manner in which the DNA 
passes through the tail. In 1955, Kellenberger and Arber (5) 
showed that characteristic morphological changes occurred in the 
virus tail upon interaction with the host cell wall. After inter- 
action the tail was one-half its original length and was about 30 
per cent thicker. evidence will be presented here and elsewhere 
(14) indicating that the major protein component of the tail of 
T2 has contractile and enzymatic properties similar in many 
respects to those of actomyosin. Electron micrographs have 
now been obtained of T2 preparations in which the proximal 
tail protein is uncontracted, partially contracted or partially 
relaxed, and completely contracted. These results clearly show 
the contractile nature of this virus tail protein. 

Analysis of highly purified T2 phage has revealed the presence 
of ATP and dATP.'! The two nucleotides are tightly bound to 
the contractile tail protein. When T2 interacts with cell walls 
contraction occurs with the concomitant hydrolysis of nucleo- 
side triphosphates to the nucleoside diphosphates and inorganie 
phosphate. The contraction of the proximal tail protein has 
heen shown to be necessary for successful viral invasion. 


EXPERIMENTAL 


T2r* phage was grown, purified, and assayed as described 
earlier (11, 13). P®-labeled T2 was prepared by infecting F. 
coli strain B in a modification of the glycerol Casamino acid 
medium of Fraser and Jerrel (15); the phosphate concentration 
was reduced by 75 per cent, the Casamino acid content by 66 
per cent, NaCl and KCl were added to maintain the ionic 
strength, and NaH.P”’O, was added so that there were 4 we. of 
Protein ghosts of T2 free of DNA were prepared by 


The 


P® per mil. 
the osmotic shock method of Herriott and Barlow (16). 


* Aided by grants from the National Foundation for Infantile 
Paralysis, Ine., and the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. Preliminary re- 
ports of this work have been presented before the American So- 
ciety of Biological Chemists at Philadelphia, April 1958 (1), and 
the Fourth International Congress of Biochemistry, Vienna, 1958 
(2). 

* Senior Research Fellow, United States Public Health Service 

‘The abbreviations used are: dATP, deoxvadenosine triphos 
phate; dADP, deoxyadenosine diphosphate; P,, inorganic phos- 
phate; EDTA, ethvlenediaminetetraacetic acid; DTA, 
EDTA adjusted to neutrality with NaOH, 


concentration of T2 ghosts was calculated from the protein 
content (17) of the intact phage preparation and ghost prepara- 
tion on th assumption that intact phage and phage ghosts 
contain the same amount of protein. Antiserum to T2 was 
prepared by treating a rabbit with two separate injections of 
purified T2. Cell walls of EF. coli were prepared by the procedure 
of Salton and Horne (18) and their concentration determined by 
direct microscopic counting in a bacterial counting chamber. 

Cd(CN)3s> reagent which removes the tail fibers from T2 was 
prepared as described earlier (13). Most nucleotides and chemi- 
cals were obtained from commercial sources. The dATP was 
kindly provided by Dr. Arthur Kornberg. The concentration 
of the nucleotides in solution was determined speetrophotometri- 
cally (19). 

Electron micrographs were taken with an RCA EMU-3 elec- 
tron microscope. Samples were diluted with water to contain 
10" T2 particles per ml. and then 10" polystyrene latex balls 
264 my (20) in diameter were added. The solution was spraved 
on Formvar-coated copper grids, air dried, fixed with formalin 
vapor for 30 minutes, and washed in water. The preparations 
were shadowed with palladium at an angle of 5/L. Pictures were 
taken of areas containing at least one polystyrene ball and as 
many phage particles as possible. Dimensions of the phage 
particles were determined by comparison with the polystyrene 
balls. 


RESULTS 
Morphological Changes in Tail of T2 Phage 


Effect of Weak Alkali on Tail Proteins of T2 Phage— Although 
the virus particles appeared to have a short thick tail after inter- 
acting with cell walls or after various chemical treatments, there 
was no suggestion from earlier investigators (5-7) that the 
proximal protein contracted. It seemed possible that the pro- 
tein fibers which were observed at the distal end of the phage 
tail might constitute half the tail, and that the observed thieken- 
ing might be an artifact produced when specimens were prepared 
for electron microscopy. Direct evidence that the tail fibers 
comprise only the tip of the tail of the intact virus was provided 
by experiments in which T2 was incubated in pH 10 glycine 
buffer. After a relatively short incubation the tail fibers are 
extended but still attached to the tip of the tail; but after longer 
treatment the tail fibers are completely removed from most of 
the particles, and the tip of the tail core (5, 7, 11) is exposed 
(Fig. 1).2 Under these conditions the virus tails, even after the 


* The head structure is also disrupted when the phage particles 
are incubated in pH 10 glvcine buffer. After 6 hours’ incubation 
the proteins comprising the head membrane (as well as the IDNA) 
are no longer visible. 
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removal of the tail fibers, are approximately their normal length 
and width. However, when T2 was incubated in ammonium 
acetate buffer at pH 10 to remove the tail fibers from the virus 
tail and the samples spraved for electron microscopy, evaporation 
of salts lowered the pH to neutrality or below and the proximal 
tail protein of all the particles appeared contracted. Contrac- 
tion also was obtained after incubation in glycine buffer by 
lowering the pH to 7.2 with KH.PO, or NaH.PO,. Neutraliza- 
tion of the glycine buffer with KH.PO, caused almost all of the 
tails of the particles to contract while neutralization with 
NaH,PO, permitted only 10 per cent of the tails of the particles 
to contract. This behavior is analogous to that of actomy- 
osin. At pH 10 actomyosin does not contract but it does 
contract when the pH is lowered (21) and the contraction is 
favored by the presence of NH4* or K* but not by Na* (22). 

Length of the tail proteins of T2 phage after these treatments 
is given in Table I. The tail of intact T2 has a length of about 
100 mp (5). After incubation in glycine buffer and removal of 
the tail fibers the tail is still the same length but the contractile 
protein (which is completely relaxed or uncontracted) is about 
80 per cent of the length of the intact tail. The contraction 
which occurs when the pH is lowered gives particles which are 
similar to those produced when virus interacts with cell walls. 

Changes in Morphological Appearance of Tail of T2 Phage 
upon Interaction with Host Cell Walls—Table I and Fig. 2 a il- 
lustrate the typical changes in the tail of T2 when the virus 
particle interacts with cell walls in 0.9 per cent saline at pH 7.0. 
The shortening and thickening of the proximal tail protein are 
apparent. The similarities of the proximal tail protein and 
actomyosin led to a search for other properties of the tail protein 
that might be analogous to actomyosin. Na3k DTA ean in- 
hibit the contraction or can actually cause a relaxation of con- 
tracted muscle fibers (23, 24). NasE DTA does not affect the 
attachment of T2 to the intact host cell but it does prevent the 
injection of DNA into the host cell (6). A study was made 
of the effect of Nas; DTA on the morphological alterations of the 
viral tail which occur during the interaction with the cell wall. 
It was found that the presence of Naslk;. DTA inhibited contrac- 
tion 25 per cent, the proximal tail protein contracted to only 57 
per cent of its maximal length as compared to 43 per cent in the 
absence of Nas DTA (Fig. 2 6 and Table 1). 

One of the fundamental properties of all contractile proteins 
is their ability to relax. It was found that, under the proper con- 
ditions in vitro, contracted phage tail protein, like contracted acto- 
myosin, could be made to relax. The following experiment was 
performed in view of the fact that high concentrations of ATP 
plasticize actomyosin (25). T2 bacteriophage was allowed to 
interact with cell walls in 0.02 mM sodium phosphate buffer at pH 
7.0 for 10 minutes. A 0.2 mM solution of NasH-ATP was then 
added to a final concentration of 0.05 mM and the mixture incu- 
bated for 30 more minutes. Electron micrographs (Fig. 2 c¢) 
show that the ATP under these conditions caused a relaxation 
or extension of the contracted tail protein by 60 per cent, from 
36 mu to 57 my (see Table 1). 
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: TaBLe I 
Length of 12 contractile protein after various treatments 
= 


Lengtht of Length? of 


Treatments contractile protein exposed tail core 


1. Weak alkah 
a. pH 10 glycine buffer... S2 17 
b. pH 10 glvcine buffer later 
neutralized to pH 7.2 with 


2. Interaction with host cell walls 

b. insaline plus 0.01M EDTA at 

¢. in Na phosphate then 0.05 m 


* A complete description of the treatments is given in the text 
and in the legends for Figs. 1 and 2. 

+ The lengths of contractile protein and exposed tail core are 
average values based on measurements of all distinguishable par- 
ticles in electron micrographs from at least two separate experi- 
ments. For relatively short lengths (<50 my) the error is about 
+15 per cent but for longer lengths the error is smaller. 


Source of Energy for Contraction of Phage Tail Protein 


Presence of ATP and dATP in Phage Tail—The similarities be- 
tween the contraction of actomyosin and the phage tail protein 
implied that a source of energy might also be required for the con- 
traction of the viral tail protein. In such a case it seemed likely 
that the tail of the virus particle might carry its own energy sup- 
ply, since T2 cannot parasitize the energy-vielding systems of its 
host during invasion. The acid soluble nucleotides of highly 
purified P-labeled T2 phage were determined by the isotope di- 
lution method. In the isolation procedure outlined in Fig. 3, 
ATP, dATP, ADP, and AMP were added as carrier compounds. 
Under these conditions only a small fraction of the phage acid- 
soluble P*® is eluted from the charcoal and therefore the ATP and 
dATP were also determined using anion exchange chromatog- 
raphy (Fig. 4) and an unlabeled extract of T2-infected cells as 
‘arrier By both methods ATP and dATP were found to be 
major components of the virus acid-soluble fraction. 

The ATP and dATP in T2 are present in such small amounts 
that their identification rests on the similarity of the P®*-labeled 
virus compounds to the added carrier compounds. Experiments 
‘carried out to identify the viral nucleotides are described in Table 
Il. The phage compounds behaved identically to carrier com- 
pounds in various chromatographic svstems, in their suscepti- 
bility or resistance to periodate oxidation, in their acid labile P 

$ [It is clear from the P® elution diagram in Fig. 4 that there 
are many minor P%? components of low molecular weight which 
can be extracted from T2. No effort was made to identify these 
compounds since they could be either breakdown products of the 
DNA or trace host cell contaminants. It is clear in anv case that 
the presence of the ATP and dATP are not reflections of the total 
nucleotide distribution in the infeeted cell. 


Fic. 1. Electron micrographs of T2 treated at 37° with (a) an equal volume of pH 10 glycine buffer (0.1 mM) for lL hour, (4) pH 10 


glycine buffer for 6 hours, and (¢) pH 10 ammonium acetate buffer (0.1 1) for 4 hours. 
After longer incubation most of the head structure and the tail fibers 


particles lose their tail fibers and the heads are also disrupted. 
are removed. 


for micrographs, the salts evaporate and the pH falls to about 4.0. 
results are obtained if after incubation in glycine buffer the pH is lowered to neutrality with KH-PO, and NaH.PO,. 


Note that the tip of the tail core is exposed but all the tails are long. 


After a short time in pH 10 glvcine buffer the 


When ammonium acetate solutions are spraved 
Under these conditions all the tails appear contracted. Similar 
The inset one 


(about two times further enlarged) shows a free contracted phage tail produced when the phage suspension was neutralized with 


NaH.PO, to pH 7.2 after incubation in alkaline glycine buffer. 
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Gr 


Fic. 2. Electron micrographs of T2 after interaction with isolated host cell walls under various conditions. In these experiments 
the ratio of T2 per cell wall was about 20. (a) T2 plus cell walls in saline for 5 minutes. Note the short thick tails, in some cases 
with a considerable portion of the tail core exposed. (b) T2 plus cell walls in saline containing 0.01 mM NasEDTA adjusted to pH 7.0. 
The proximal tail protein is only partly contracted. (c) T2 plus cell walls in 0.02 m Na phosphate pH 7.0, a solution of Na2H,ATP 
then added to a concentration of 0.05 m and ineubated for 30 minutes. The contracted proximal protein appears to have partly re- 
laxed as compared to that in a. 
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(2 CPM) 
ATP 
(dATP) 


ADP 
AMP 


TCA +Carrier 


Pot, Filtrate (14,000 CPM) 


| Charcoal 


Charcoal Filtrate 


(1,100 CPM) 


Eluate (1,510 CPM) 


ATP +dATP 
(1,260 CPM) 

Fic. 3. Isolation of ATP + dATP from T2 phage containing 
p?, Approximately 10” highly purified P*-labeled T2 phage 
particles containing 2 X 10° c.p.m. were extracted with cold 5 per 
cent trichloroacetic acid and known amounts of carrier nucleo- 
tides (100 wg. each) were added immediately. The insoluble 
protein and DNA were removed by centrifugation and the nucleo- 
tides in the acid extract were adsorbed on about 100 mg. of acid- 
washed charcoal (Norit A, Pfanstiehl). The charcoal was re- 
moved by filtration on a Celite pad in a sintered glass funnel, 
washed, and the filtrate plus the washings were saved and analyzed 
for inorganic and total P*?. The nucleotides were eluted from the 
charcoal with 10 ml. of 50 per cent ethanol containing 1 per cent 
concentrated NH,OH. (In control experiments 80 to 90 per cent 
of the nucleotides adsorbed by the charcoal could be eluted in 
this manner.) The eluate was evaporated to dryness in a vac- 
uum at room temperature, the residue was dissolved in 50 per 
cent ethanol and chromatographed in two dimensions on filter 
paper, first in an ascending solvent (24) and then descending in 
the second solvent (25). In experiments where the dATP was 
separated from the ATP, the second solvent was saturated with 
boric acid and the pH readjusted to the 7.6 with NaOH. This is 
a modification of the method Plesner (26) used to separate ATP 
and dATP. The position of the nucleotides was determined, and 
the spots eluted with 4.0 ml. of 1 N HCl. The concentration of 
the nucleotide and its P3? content were determined in the eluate. 
In the experiment illustrated, the ATP and dATP were not sepa- 
rated and it is apparent that these two nucleotides represent the 
bulk of the phage P*? which is eluted from the charcoal. 


content, and in their behavior toward hexokinase and phage phos- 
phatase (14). There are also reasons for believing that the nu- 
cleotides are not adventitious host cell contaminants. First, the 
nucleotides are constant in amount in each preparation while the 
inorganic P content varied over 3-fold. Further, it can be seen 
in Fig. 4 that the acid soluble P** compounds of T2 are not a re- 
flection of all the compounds found in the infected cell at the 
time when the phage is synthesized. Finally the specific locali- 
zation of the nucleotides in the phage tail and their fate upon 
interaction with the host cell wall (see below) also suggests that 
they are an integral part of the virus particle. 

Table III gives the amounts of ATP and dATP extracted by 
cold acid from purified intact T2. The amount of the nucleo- 
tides per T2 was calculated from the amount of the nucleotide P 
relative to the total P and from the P content of T2 reported by 
Stent and Fuerst (31). The two nucleoside triphosphates 


amounted to 0.058 per cent of the total phage phosphorus which 
is equivalent to 87 molecules per T2 particle. 
3 times as much ATP as dATP per T2 particle. 


There was about 
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When cold acid extracts were made of T2 altered by various 
treatments, different values were found for the nucleotide con- 
tent of the virus particle (Table IV). After removal of the pro- 
tein fibers at the tip of the tail of T. by either 1 m HO (5) or 
by Cd(CN)3~ (11), the cold trichloroacetic acid extract contains 
135 molecules of ATP + dATP per T2 as compared with 87 
molecules extracted from intact T2. Almost 90 per cent of the 
ATP + dATP is now found dissociated from the phage particles. 
Since it has been shown that Cd(CN)3~ affects only the tail struc- 
ture of T2, it can be concluded that the ATP and dATP are 
bound to the tail protein and that the removal of the tail tip 
allows their release. It appears that 35 per cent of the ATP + 
dATP in intact T2 is bound deep inside the tail structure and 
cannot be extracted by cold acid because of occlusion. Arginine 
treatment and osmotic shock also affect the amount of ATP + 
dATP extractable from T2. Both arginine (13) and osmotic 
shock (16) disrupt the protein head membrane of T2 and allow 
the liberation of the DNA. After arginine treatment 90 per cent 
of the nucleoside triphosphates of T2 can be extracted as com- 
pared to 65 per cent for intact phage. It also appears that os- 
motic shock causes the release of the two nucleotides from the 
virus particle since purified phage ghosts contain only 5 per cent 
of the original nucleotides. The effect of H.O2., Cd(CN)s3-, ar- 
ginine, and osmotic shock on the nucleotide content of T2 indi- 
cate not only that the nucleotides are localized in the phage tail 
but that alteration of the structures at either end of the tail per- 
mit them either to diffuse out or to be displaced by other anions. 

Changes in ATP and dATP Content of T2 upon Interaction with 
Host Cell Walls—When T2 interacted with cell walls, not only 
did the proximal tail protein contract but there was a simultane- 
ous disappearance of most of the ATP and dATP in the phage 
tail (Table V). The decrease in the nucleotide content of T2 
was not dependent upon the time the phage and cell walls were in- 
cubated; the phage was essentially all absorbed in 10 minutes and 
by this time most of the ATP and dATP had disappeared.‘ 
Na3EDTA which inhibits contraction (Fig. 1 and Table I) also 
inhibits ATP hydrolysis. When large numbers of virus particles 
were added to the cell walls so that essentially every binding site 
was occupied (cell wall binding capacity was 300 to 400) there 
was no ATP hydrolysis, possibly because the close packing of the 
virus particles prevents contraction. 

In Experiments No. 2 and 3 (Table V) where ATP and dATP 
disappearance was maximal, the amounts of P; and ADP + 
dADP appearing were measured. In Experiment 2, 95 mole- 
cules of ATP disappeared per T2 particle and there was the si- 
multaneous appearance of 108 molecules of P; and 74 molecules 
of ADP +dATP.® Similar values were obtained in Experiment 


‘The hydrolysis of the phage ATP and dATP in these experi- 
ments cannot be ascribed to the presence of a phosphatase in the 
cell walls. In Experiment No. 7 (Table V) the phage tail was 
altered so that all the ATP and dATP was readily extracted, but 
the presence of cell walls caused no ATP hydrolysis. 

5 Total ADP was measured in the manner outlined in Fig. 3. 
The ADP spot was cut out of chromatograms, its adsorption and 
radioactivity determined, and the amount of ADP formed was 
calculated from the amount of carrier ADP added. During the 
isolation of the nucleotides some ATP (and dATP) is converted 
to ADP (and dADP) so that the values given represent the in- 
crease in ADP and dADP appearing after interaction with cell 
walls as compared to the amounts of ADP and dADP found in 
control samples from T2 which had not interacted with cell walls. 
The dADP could not be isolated separately since no carrier was 
available. 
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Fic. 4. The isolation of ATP and dATP from the acid-soluble fraction of purified P*-labeled T2 phage. A perchloric acid extract 
of labeled T2 was mixed with a separate P**-free extract of 2 liters of T2-infected cells (T2 per cell, 5, incubated 18 minutes in syn- 
thetic medium (15) at 37°) and the mixture chromatographed with gradient elution on an anion exchange column (27). 4 N formic acid 
(4NFA) and various concentration of ammonium formate (AF) were used as eluting solutions. 75 per cent of the P%? put on the 
column was eluted. The ATP and dATP were identified by their positions on the elution diagram (28) and by paper chromatog- 
raphy, and the amounts of P* in the ATP and dATP were determined. It is apparent that ATP and dATP are major components of 


the P®? compounds in the phage acid-soluble fraction. 


TaB_eE III 
ATP and dATP extracted from intact T2 bacteriophage 


TABLE II 


Identity of isolated T2-P#? compounds with ATP and dATP 


Acid 
graphic labile Periodate Hexoki- Products’ during 
 identifica- os- oxidation{ na invasion 
tion* phatet 
T2-ATP ATP | % | Destroyed | Reacted ADP + P; 
T2-dATP | dATP | 2 Unaffected dADP(?) + P; 


The ratio of T2 ATP + dATP P* to total T2 P32 was determined 
by the isotope dilution procedure shown in Fig. 3 for all the ex- 
periments except Batch II samples c and d. Batch II sample c 
was chromatographed in solvents containing borate which sep- 
arated the ATP and dATP. The values for Batch II sample d 
were obtained from the experiment shown in Fig. 4. 


* The acid-soluble P** compounds from T2 phage were adsorbed 
on charcoal and eluted with ethanol-NH; in the same manner as 
earrier ATP and dATP. The P*® activity migrated exactly as 
did carrier ATP and dATP upon two dimensional paper chromato- 
grams (24, 25). The dATP was separated from the ATP using a 
solvent system containing borate similar to that of Plesner (26); 
the phage compounds again migrated as did carrier compounds. 
Further, the two nucleotides were separated and identified by 
gradient elution on an anion exchange column (27, 28). 

t After hydrolysis for 7 minutes in 1 x HCl, 60 to 67 per cent of 
the P*? was converted to P; and could be extracted as the molyb- 
date complex into isobutanol-benzene (29). 

~ The method of Whitfeld (30) was used to treat the compounds 
(plus carrier) in the phage extract. Only the dATP remained 
after the periodate treatment. 

§ Purified yeast hexokinase split off P*? from the phage com- 
pound in amounts identical to the amount of P it released from 
authentic ATP. 

|| See later sections. 


T2 ATP + dATP Molecules per T2 particle 
T2 phage 
total ATP + dATP* ATP | dATP 
x 10-4 
Batch I: 
a 6.2 94 
b 5.5 84 
Batch II: 
a 5.7 86 
b 5.3 80 
c 6.0 91 74 17 
d 5.9 88 65 23 
Average: 5.8 | Average: 87 + 5| 
T2-P# gm. P/ATP 


molecules/mole 


3X 31 


94 = 0.00062 XK 
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TABLE IV 
ATP and dATP exztracted from altered T2 bacteriophage 


In these experiments the nucleotides were isolated by the pro- 
cedure outlined in Fig. 3. Further details of the treatments are 
given in the text. 


Molecules per T2 particle 
Experi- 
ment Morphological alteration, Treatment 
™ ATP ATP , dATP 
Tail fibers re- 
moved and 
proximal tail 
contracted..... Cd(CN);3- 135 | 115 20 
3 1m HO, 136 
Supernatant af- | 113 
ter 
4b Pellet after 20 
Cd(CN)37 
5 Head protein 
disrupted...... 0.2mMpL-arginine | 115 
6 Head protein 
disrupted 
(ghosts)....... Pellet after os- 8 6 2 
motic shock 


TABLE V 
Changes in ATP and dATP content of T2 bacteriophage upon 
interaction with isolated host cell walls 
In these experiments the nucleotides were isolated by the pro- 
cedure outlined in Fig. 1. 


Conditions* | Molecules per T2 particle 
Experi- 
ment 
Inhibitor ATF ATP | dATP 
1 Nonet | 135 115 20 
2 100 60 | 40 
3 100 10 | 38 | 
4 100 10 0.01 Mm Na;E DTA | 118 
5 200 10 | 80 68 12 
6 ca. 250 10 107 g2 15 
7 ca. 350 10 | 


* The concentration of cell walls was approximately 10° per ml. 
and the temperature was 37°. 

t The T2 in this experiment was treated with Cd(CN);7; see 
Table IIT. 


3. Though the stoichiometric relationship is difficult to estab- 
lish precisely because of the instability of both the ATP and the 
ADP, it seems reasonable to conclude that upon contraction of 
the viral tail protein the following reactions take place: 


ATP — ADP + Pj and dATP — dADP + P, 
Contraction During T2 Invasion of Intact Host Cells 


Direct evidence for the contraction of the phage tail protein 
upon invasion of viable host cells is dificult to obtain because of 
technical limitation with electron microscopy. Similarly, meas- 
urements of changes in T2 ATP are complicated by the presence 
of host cell ATP. Indirect evidence was obtained by taking ad- 


vantage of the fact that NaskX DTA does not affect T2 adsorption 
but does inhibit the contraction of T2 tail protein. 


It has been 
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TaBLe VI 


Effect of EDTA plus various monovalent cations on myosin AT Pase 
and on infection of E. coli strain B by T2 bacteriophage 


Cation Myosin ATPase activity*® E. coli infected by T2t 
Py 108 
Na* (no EDTA) 0.27 250 
Na* + EDTA 0.00 0 
Lit + EDTA 0.02 0 
K* + EDTA 0.38 50 
NH, + EDTA 0.79 250 


* Taken from Kielley et al. (32). The values are for the amount 
of inorganic phosphate liberated under their test conditions; 0.001 
M EDTA pH 7.7, monovalent cation, 0.3 M. 

+t The values given represent the formation of infective centers 
in the presence of 0.01 Mm EDTA pH 7.0 and 0.6 o salt (as the chlo- 
ride). 0.2 ml. of bacteria in broth was added to 0.7 ml. of a solu- 
tion containing EDTA (the free acid was adjusted to the proper 
pH with either NaOH, KOH, LiOH or NH,OH) and the appropri- 
ate salt. 0.1 ml. of T2 phage in saline was added so that the ratio 
of E. coli per single T2 particle was between 4and 5. The suspen- 
sion was incubated for 5 minutes at 37°, and 0.1 ml. of anti-T2 
serum was added and the mixture incubated for 6 more minutes, 
then diluted 10° times in broth and assayed. 


found recently that various monovalent cations affect the inhibi- 
tion cf actomyosin ATPase by EDTA (32). In the presence of 
Na?* or Lit, EDTA completely inhibits actomyosin ATPase but 
substitution of K+ or NH,* (for Na* or Li*) reverses the inhibi- 
tion and stimulates actomyosin ATPase.* It was possible to 
show that K+ and NH,* allow the infection of the host cell in 
the presence of EDTA although no infection occurs in the pres- 
ence of Na* or Lit (Table VI). This experiment supports the 
conclusion that an actomyosin-like contractile protein in the tail 
of T2 is involved in the invasion of the host cell. 


DISCUSSION 

It appears probable that the removal of the protein fibers at 
the tip of phage tail after phage adsorption exposes free SH bonds 
on the viral tail protein (11). Evidence has been presented in 
this paper which indicates that the proximal! tail protein has con- 
tractile properties quite similar to actomyosin. It is well known 
that actomyosin is an SH protein and it seems logical to propose 
that the removal of tail fibers with the exposure of the SH group 
triggers the contraction of the proximal tail protein. 

Contraction occurs either simultaneously with or immediately 
after the action of the phage tail enzyme on the rigid outer layer 
of the host cell wall (4,9, 12). The contraction of the phage tail 
protein might hold the tail enzyme in close contact with its sub- 
strate in the outer cell wall (8), and later after the cell wall has 
lost its rigid structure, the contraction might force the viral tail 
core through the fragile inner cell membrane. On the other 
hand, the contractile step might be necessary to open a pathway 
for the DNA to travel through the phage tail and into the cell. 
In the intact phage the tail core fills the center hole in the tail 
and is a barrier to the release of the DNA. After contraction 
the tail is 50 per cent shorter and we have estimated that the 
center hole has been widened from about 100 A to 140 A (13). 
The tail core would then be very loosely held and could readily 
fall out. Further, since the viscous drag in passing a solution 
containing a highly asymmetric molecule such as DNA (diameter 

® It has also been found that the phosphatase activity of T2 
phage is stimulated by NH,* in the presence of EDTA (14). 
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about 25 A and length about 2500 A) through a narrow tube is 
directly proportional to the length and inversely proportional 
to the 4th power of the diameter, these changes in the pathway 
the DNA must travel would reduce the viscosity barrier, as meas- 
ured by the flow time, by about 8-fold. 

It is not yet certain whether the phage contractile tail protein 
consists of one or more components. In some respects the con- 
tractile protein resembles actin, particularly since both contain 
bound nucleotide, but many of its other properties are similar to 
myosin, and the phage tail protein may well be a form of acto- 
myosin. Chemical studies on isolated tail protein undoubtedly 
will clarify its relation to the better known muscle proteins. It 
should be pointed out that the amount of ATP + dATP in the 
phage tail is similar to the amount of ATP found associated with 
the contractile elements of rabbit muscle. Estimating the ‘‘mo- 
lecular weight” of the contractile protein in the tail of T2 as ap- 
proximately 10’ (11), there are 1.3 moles of ATP per 10° gm. of 
tail protein. This is in agreement with the estimate of Mom- 
maerts (33) of one mole of ATP per 10° gm. of rabbit muscle 
actomyosin. The concentration of the nucleotides in the virus 
tail can be calculated from the volume of the contractile tail pro- 
tein (about 1.4 x 10-" ml. from electron micrographs) and the 
number of nucleotide molecules present. The nucleotide con- 
centration in the tail is about 0.015 m which is higher than that 
of whole muscle which contains many other components besides 
actomyosin. 

After removal of the tail fibers from T2 by Cd(CN) 3° treat- 
ment, most of the nucleotides are no longer bound to the phage. 
Presumably the alteration permits the ATP either to diffuse out 
of the tail or to be displaced by other anions. The loss of ATP 
and dATP under these conditions offers an explanation for the 
observation that contraction of the proximal tail protein occurs 
under various nonphysiological conditions after the tail fibers 
are removed and is unaccompanied by ATP hydrolysis (see 
Table IV).2 It seems likely that contraction occurring under 
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these conditions is analogous to the state of rigor found in verte- 
brate muscle upon removal of ATP (25) and that the phage con- 
tractile protein, like muscle, requires the presence of ATP to re- 
main relaxed. 

One other feature of this system which deserves comment is the 
presence of dATP. O’Donnell et al. (28) have found that the in- 
fected cell, which is rapidly synthesizing DNA, contains 1 mole- 
cule of dATP for every 3 to 5 molecules of ATP. This ratio of 
dATP to ATP is similar to the relative amounts of the 2 nucleo- 
tides bound to the virus tail. It appears that during the assem- 
bly of the virus tail ATP containing either ribose or deoxyribose 
is bound to the viral contractile protein without regard to the 
nature of the sugar and that both nucleotides are equally effec- 
tive in allowing contraction to occur. 


SUMMARY 


The major protein component of the tail of T2 bacteriophage 
has been shown to have contractile properties. 

1. Electron micrographs have been obtained of T2 phage which 
show the tail protein (a) completely relaxed in the presence of 
pH 10 buffer; (6) partially contracted after T2 interaction with 
cell walls in the presence of the sodium salt of ethylenediamine- 
tetraacetic acid; (c) completely contracted after neutralization of 
the alkaline buffer or upon interaction with cell walls in saline; 
and (d) partially relared after the addition of 0.05 mM adenosine 
triphosphate to T2 particles which had interacted with cell walls. 

2. Each T2 phage particle contains about 115 molecules of 
adenosine triphosphate and 20 molecules of deoxyadenosine tri- 
phosphate tightly bound to the contractile tail protein. Upon 
interaction with cell walls the proximal tail protein contracts 
and there is simultaneous hydrolysis of the viral nucleoside tri- 
phosphates to the nucleoside diphosphates and inorganic phos- 
phate. 

3. During invasion the contractile protein aids the introduction 
of the viral deoxyribonucleic acid into the host cell. 
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The Stability in Vitro of Parathormone B* 
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A method for the electrophoretic purification of the active 
principle from acetic acid extracts of bovine parathyroid glands 
(parathormone B) has been described previously (1). How- 
ever, as noted (1), preparation of this potent substance was 
contingent upon the use of glycine as a stabilizing agent during 
electrophoresis. It was also found that these preparations were 
unstable under a variety of conditions in vitro. Because these 
findings had a direct bearing upon any further purification 
studies, a series of experiments was undertaken to define the con- 
ditions under which the hormone is most stable. Furthermore, 
it seemed that the hormone, when stored as a dry powder, lost 
biological activity with time. This phenomenon has been 
studied. 

The results reported herein show that (a) parathormone B 
loses activity in neutral buffers, and that this loss is prevented 
by N-ethylmaleimide; (6) it is stable in alkaline buffers above 
pH 10.0, and some acid buffers below pH 5.0; and (c) it is sta- 
bilized by neutral amino acids in the pH range 3.0 to 5.0. Data 
are presented which indicate that the hormone is stable to the 
action of some reducing agents, loses activity when oxidized 
by hydrogen peroxide, and that upon subsequent reduction, a 
partial or complete restoration of biological potency occurs. 


EXPERIMENTAL 


Materials and Methods 


The parathormone B was prepared as previously described 
(1) and had a potency of 180 to 210 U.S.P. units per mg. dry 
weight when assayed for its calcium-mobilizing potency (2). 
Parathormone B refers to the biologically active material ex- 
tracted with acetic acid from bovine glands (2). 

For stability studies, a 0.1 per cent solution of parathormone B 
was prepared and stored at 2° in a polyethylene vial. After 48 
hours, 0.5 ml. of the solution was injected into each of 6 to 8 
previously parathyroidectomized rats and the increase in con- 
centration of plasma calcium 6 hours after the test injection was 
determined. The mean response obtained, when 0.5 ml. of a 
0.1 per cent solution of the hormone (stored in 0.09 m pyridine 
acetate-0,01 m glycine buffer (pH 3.8)) was given to each of six 
animals, was recorded as 100 per cent and the results with other 
solutions reported as per cent of expected potency. With any 
solution at least two sets of experiments were performed on sep- 
arate days, and the results averaged. The buffers were freshly 
prepared using reagent grade chemicals and distilled water which 
had been passed through a mixed-bed ion exchange resin (Am- 
berlite MB-1, Rohm and Haas Company). 


* This work was supported, in part, by a grant (A-1953) from 
the National Institute for Arthritis and Metabolic Diseases, 
United States Public Health Service. 

+ Graduate Fellow of the Rockefeller Institute. 


For the oxidation-reduction experiments,! 1.0 mg. per ml. of 
the hormone was dissolved in a given buffer. An aliquot was 
taken as the control, then sufficient 30 per cent hydrogen per- 
oxide was added to make the solution 0.1 m. The oxidation was 
allowed to proceed for 10, 30, 60, or 120 minutes at 25°; usually 
30 minutes. It was stopped by the addition of 0.5 to 1.0 mg. of 
catalase. The solutions were then brought to pH 3.8 by the 
addition of 0.1 m acetic acid. An aliquot was taken for assay 
(oxidized parathormone). Reduction was carried out by add- 
ing cysteine hydrochloride (20 mg. per ml.) and heating to 80° 
for 5 to 6 hours. Also, the effect of a variety of reducing agents 
was tested. For these experiments, the hydrogen peroxide oxi- 
dation was carried out at pH 3.8 for 30 minutes at 25°. The re- 
ducing agents were hydrogen sulfide, stannous chloride, sodium 
borohydride, and sodium dithionite. The hydrogen sulfide was 
bubbled through the catalase-treated solution for 1 minute, the 
tube then sealed, and allowed to stand 16 hours at 25°. The 
borohydride and sodium dithionite reductions were performed 
at pH 8.5, allowed to proceed for 20 minutes, and then stopped 
by the addition of sufficient 0.1 M acetic acid to bring the pH to 
3.8. The ascorbic acid and stannous chloride were added to 
catalase-treated solution and allowed to stand for 16 hours. In 
the case of the ascorbic acid, the entire procedure was carried 
out under an atmosphere of nitrogen gas. During the reduction 
with sodium dithionite, hydrogen sulfide, or stannous chloride, a 
white precipitate formed which was removed by centrifugation 
before the solutions were assayed. With each type of reducing 
agent, a reagent control solution containing no hormone was 
carried through the procedure and assayed. All the solutions 
were stored at 2° until the time of assay. The procedure for 
these assays was different from that employed in the studies 
described above, being a modification of the method described 
by Munson (4). Young male rats weighing 110 to 120 gm. were 
kept on a low calcium diet? for the 4 days before destruction of 
their parathyroid glands by electric cauterization. Immediately 
after operation they received an aliquot of one of the test solu- 
tions, and were bl¢d 6 hours later. The assessment of biologi- 
cal potency depends upon the prevention of the fall in plasma 
calcium which occurs after parathyroidectomy. The results 
with this assay were similar to those reported by Munson (4). 

The results of the oxidation-reduction experiments have been 
recorded as per cent of original potency, 100 per cent being the 
response obtained with the control solutions. The buffers em- 
ploved were: (a) 0.01 M glycine acetate, pH 3.8; (6) 0.06 m so- 
dium acetate-0.01 m glycine, pH 4.8; or (c) 0.01 M potassium 
phosphate, pH 7.0. 

‘A brief report of a portion of these studies has appeared (3). 


2? Obtained from Nutritional Biochemicals Corporation, Cleve- 
land, Ohio. 
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It has been noted that storage of some of the more highly puri- 
fied preparations, as dry powders, for a period of 1 week or more 
under a variety of conditions, has uniformly led to some decrease 
in biological activity, sometimes to the extent of 50 per cent or 
more of the original potency. In view of the finding of the oxi- 
dation-reduction studies, a few experiments were undertaken to 
test the effect of reduction upon the activity of these stored 
preparations. The reduction was carried out by dissolving the 
hormone in a glycine acetate buffer (pH 3.8), adding cysteine 
hydrochloride (20 mg. per ml.), and heating to 80° for 5 hours. 


RESULTS 


The results of the studies concerning the stability in vitro of 
parathyroid hormone B are shown in Tables I to III. In Table 
I is shown the biological activity remaining after a 48-hour in- 
cubation in a variety of acid media. The hormone maintained 
biological activity in sodium and pyridine-acetate buffers in the 
pH range 3.6 to 5.0 only when glycine or other amino acids were 
added. Because pyridine-acetate buffer, pH 3.8, was chosen 
for the previously reported isolation studies (1), the stability 


TABLE [ 
Stability of Parathormone B in acid solutions 


Medium pH Activity 
M % 
Hydrochloric acid............ 0.1 1.1 75-100 
Dichloroacetic acid.......... 0.05-0.5 | 1.65-1.20 100 
Acetic acid (plus)............ 0.01 
Cysteine hydrochloride....... 0.01 2.5 75-100 
Sodium acetate.............. 0.1 3.6-5.0 25-50 
Sodium acetate (plus)........ 0.1 
acetate. ............ 0.1 3.8 0 
Pyridine acetate (plus)....... 0.1 
TABLE II 


Effect of addition of various substances upon stability of 
Parathormone B in a 0.1 Mu pyridine-acetate buffer, pH 3.8 


Addition Concentration pH Activity 
M % 

Cysteine hydrochloride....... 0.01 3.75 100 
N-Ethylmaleimide........... 0.001 3.8 0 

16% 4.0 125-150 


TABLE III 
Stability of Parathormone B in neutral and alkaline media 
Medium Concentration pH Activity 
M % 
‘‘Deionized’’ water............ 7.0 0-25 
N-ethylmaleimide............. 0.001 6.5 75-100 
p-Chloromercuribenzoate...... 0.001 7.0 25-50 
0.001 6.0 0 
7.4 100-125 
Sodium phosphate............. 0.1 6.0-7.0 0 
Urea through Amberlite MB-1.) 15% 7.0 25-50 
Pyridine-acetate.............. 0.1 6.5 0 
Pytidine-acetate 0.1 6.5 0 
Sodium phosphate (plus)...... 0.01 7.0 () 
N-ethylmaleimide........... 0.001 7.0 75-100 
Nicotinic acid amide........ | 0.001 7.0 0 
Sodium carbonate............. | 0.1 10.0-11.2 50-75 


studies with this buffer were more extensive. In Table II the 
results of the effect of various additions to this buffer on the sta- 
bility are recorded. Neutral amino acids stabilize the material 
whereas the basic and acidic amino acids stabilize it to a much 
lesser degree. It is interesting that in the concentrations em- 
ployed, Versene (disodium salt of ethylenediaminetctraacetate) 
did not prevent the loss of biological activity. Even in the pres- 
ence of glycine, hydrogen peroxide caused complete loss of ac- 
tivity whereas hydrogen sulfide, heparin, and gelatin enhanced 
the activity. With the latter two substances, the increase in 
activity which occurs upon their addition is due apparently to 
their ability to delay the absorption of the hormone and possibly 
to prevent its breakdown at the injection site, as has been pre- 
viously discussed (4). 

In Table III are shown the results of studies employing neu- 
tral or alkaline media. It is of interest that there is complete 
loss of activity in the pH range 6.0 to 10.0, but that above pH 
10.0, half or more of the biological activity is retained. The 
action of heparin appears to be that of forming a stable colloidal 
precipitate with the hormone. It is noteworthy that although 
N-ethylmaleimide stabilized the hormone at pH 6.0, it had no 
such effect at pH 3.8 (Table II). 

In Fig. 1 are shown the effects upon the biological activity of 
Parathormone B after incubation in 0.01 mM glycine-acetate (pH 
3.8) or in 0.01 mM potassium phosphate (pH 7.0), and 0.1 m hydro- 
gen peroxide at 25°. There was progressive loss of biological 
activity with time and inactivation was complete in 2 hours at 
pH 3.8. This oxidation was carried out in a buffer in which the 
hormone had been shown to be stable. It was to be expected 
that inactivation would be more rapid at higher pH’s and such 
proved to be the case. At pH 7.0, inactivation was complete in 
45 minutes in the presence of hydrogen peroxide but required 16 
to 20 hours at 25° in the absence of peroxide. 

In Table IV are shown the results obtained with the oxidation 
of Parathormone B with 0.1 m hydrogen peroxide for 30 minutes 
at 25° and then reduction with cysteine hydrochloride at 80° for 
5 hours. In some cases the potency after reduction was signif- 
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Fig. 1. Loss of the biological activity with time, when Para- 
thormone B is incubated at 25° in 0.1 M hydrogen peroxide at pH 
3.8 (@——@) and pH 7.0 (O——O). 


TABLE IV 
Biological activity of Parathormone B after oxidation and reduction 

wes H at Pot 

which Potency after 
Preparation POS P oxidation | oxidation | reduction (% 
units/mg.) — of initial) 

Parathormone B..... 150-200 3.8 40-65 110-180 
Parathormone B..... 160-200 4.8 35-60 100-140 
Parathormone B..... 160-200 7.0 5-20 40-85 
Reagent control. .... 0 3.8 0-5 0-10 

TABLE V 


Effect of various reducing agents upon biological 
activity of oxidized Parathormone B 


of initial) 

50-60 2% cysteine HCI 25°, pH 3.0, 16 hr. 90-120 

30-55 2% cysteine HCI 80°, pH 3.0, 5 hr. 120-180 

40-65 10% sodium dithionite 25°, pH 8.5, 20 130-190 
min. 

40-65 10% stannous chloride 25°, pH 3.0, 16 80-100 
hr. 

40-65 Hydrogen sulfide, 16 hr. 60-90 

40-65 2% ascorbic acid under N»2 25°, pH 30-50 

| 3.8, 16 hr. 

45-60 10% sodium borohydride 40°, pH 8.5, 35-60 

20 min. 


cantly higher than that of the original hormonal preparation. 
At the higher pH values, the potency after oxidation was less 
and subsequent reduction did not result in as complete reactiva- 
tion as had occurred at pH 3.8. This suggests that the oxida- 
tion at the higher pH values is in part irreversible. 

In Table V are shown the results obtained with various reduc- 
ing agents after oxidation of parathormone B for 30 minutes 
with 0.1 m peroxide at pH 3.8 in 0.01 M glycine acetate. The 
most effective agents were sodium dithionite and cysteine hy- 
drochloride. In the case of the latter, the reduction was more 
effective if carried out at 80° rather than 25°. Although the 
usual results with hydrogen sulfide are those charted, one occa- 
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sionally observed the complete reactivation of the oxidized hor- 
mone with potencies comparable to those obtained after cysteine 
treatment. 

To date no completely satisfactory method for storing para- 
thormone B as a dry powder has been found. Under a variety 
of conditions there has been a loss of a large percentage (50 to 
70 per cent) of the biological activity with time (14 to 20 days). 
This loss has occurred when the powder has been stored at 25°, 
4°, or —20°, either in air or in a vacuum. The explanation of 
this phenomenon seems to be that a slow reversible oxidation of 
the hormone occurs, as it has been possible to regain a large part 
of the biological activity by treatment with cysteine hydrochlo- 
ride. Also the rate of loss of activity of a dried preparation ap- 
pears to be slower if the parathormone B is lyophilized from a 
solution containing glycine, than from a solution of dilute acetic 
acid without glycine. For example, in three instances, after the 
preparations had been allowed to stand with glycine for 10 days, 
the estimated losses in lyophilized preparations were 15, 19, and 
27 per cent; whereas without glycine for the same interval, the 
losses have been 30, 45, and 60 per cent. 


DISCUSSION 


On the basis of all the present data, it seems probable that the 
reversible and/or irreversible oxidation of some portion of the 
parathormone B is primarily responsible for the losses of bio- 
logical activity which have been observed during purification 
studies. 

In view of the effect of glycine and the other neutral amino 
acids, as well as gelatin, it is probable that the stability of crude 
preparations of parathyroid hormone is due to the presence of 
other proteins and amino acids. The progressive removal of 
these by the various fractionation procedures results in increas- 
ing instability of the hormone. It cannot be ascertained at 
present whether or not the active substance obtained from gly- 
cine solutions is of maximal stability and biological activity. On 
many occasions it has been possible to increase the biological 
activity by treatment with cysteine hydrochloride, so it would 
seem that even the best preparations are partially inactivated. 

The nature of the reactive portion of the hormone is at present 
unknown. It does not seem to involve sulfhydryl (SH) groups 
as none have been found by amperometric titration, and amino 
acid analysis of a hydrochloric acid hydrolysate of parathormone 
B revealed the virtual absence of cystine. 

This unusual oxidation-reduction property of parathyroid 
hormone is similar to that of ACTH* (6, 7), and melanocyte 
stimulating hormone (6). Present evidence suggests that nei- 
ther of these hormones contain cystine or free SH groups. The 
striking similarity between the oxidation-reduction properties of 
all three hormones suggests that the oxidation center may be 
the same in each. 

The oxidation and reduction properties of ACTH have been 
studied in some detail by Dedman et al. (7). On the basis of 
their studies they concluded that, with the possible exception of 
tryptophan, the oxidation-reduction properties of ACTH can- 
not be accounted for by the amino acid residues known to be 
present in the ACTH molecule. Similar studies with melano- 
cyte stimulating hormone have not been carried out, but in this 


3 Unpublished data. 
4The abbreviation used is: ACTH, adrenocorticotropic hor- 
mone. 
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respect it is important to point out that it contains no trypto- 
phan (8). 

The maintenance of biological activity, when parathormone B 
is incubated in solutions having extreme pH values, suggests 
that the molecule assumes a more stable configuration when 
highly charged. Alternatively, the oxidative reaction, whatever 
its nature, may not proceed as readily under these circum- 
stances. Also, in the presence of glycine or another neutral 
amino acid, the molecule might assume a more stable configura- 
tion in the pH range 4.0 + 1. It seems likely that these amino 
acids exert their stabilizing influence by preventing the oxidation 
of an active center in the hormone molecule. It may be that a 
metal ion is involved as an integral part of the oxidation center. 
If this were the case, it could explain all the present findings as 
well as those with the other hormones. There seems to have 
been no examination of this possibility with either of these latter 
two hormones, although Dedman et al. (7) did conclude that the 
most likely explanation of their observations was that the 
ACTH molecule contained some unidentified group which de- 
termines its oxidation-reduction behavior. 

The behavior of parathormone B is of interest in view of the 
proposal that it regulates a TPN-linked oxidation-reduction sys- 
tem in vivo (9). A similar proposal has been put forth to ex- 
plain the mechanism of action of ACTH (10). It is quite con- 
ceivable that this unusual oxidation-reduction property is of 


importance in determining the mechanism of action of these 


hormones. 
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It must be pointed out that the parathormone B preparations 
used in these studies are probably not composed of a single 
homogeneous peptide. This being the case, it is quite possible 
that with further purification some of the stability characteris- 
tics will be modified. It does seem likely, however, that the 
oxidation-reduction behavior is an intrinsic property of the 
parathyroid hormone. 


SUMMARY 


Studies on the stability in vitro of parathormone B indicate 
that it is relatively stable when placed in buffers at the extreme 
pH values, but not in the intermediate pH range. Stability in 
the neutral pH range is maintained in the presence of N-ethy]- 
maleimide and at pH 4.0 + 1.0 by neutral amino acids. 

The reason for this instability seems to be due to an oxidative 
process. It has been shown that the hormone can be oxidized 
by hydrogen peroxide, with loss of biological activity. Subse- 
quent reduction with cysteine hydrochloride, or certain other 
reducing agents, results in restoration of biological potency. 

The possible nature of the center for this oxidation has been 
discussed. The similarity to the oxidation-reduction properties 
of adrenocorticotropin and melanocyte stimulating hormone is 
pointed out. 


Acknowledgments—The author is indebted to W. H. Stein and 
L. C. Craig for their helpful advice and to R. H. Archibald for a 
critical reading of the manuscript. 
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There is evidence from amino acid composition studies that 
phylogenetic differences exist in the tropomyosins isolated from 
the striated muscle of various animals (1-4). From amino acid 
analyses of tropomyosins from several animal phyla, Kominz 
et al. (3) found that in tropomyosin the sum of the lysine and 
arginine groups is approximately 140 per 100,000 gm. of protein, 
and that in the lower phyla arginine replaces some of the lysine. 

It would be of interest to determine if species variation within 
a phylum can occur either in the lysine-to-arginine ratio or in 
the amount of other amino acid residues. The report by Kubo 
(4) on the amino acid composition of haddock is the only such 
analysis of tropomyosin of a cold-blooded vertebrate yet pub- 
lished. In this work, physicochemical and amino acid analyses 
were made of the tropomyosins of the cyclostome, Petromyzon 
marinus (lamprey),! of the fish, Cyprinus carpio, and of the frog, 
Rana pipiens. The proteins were treated with carboxypepti- 
dase in order to determine C-terminal groups, for comparison 
with the results obtained for rabbit tropomyosin by Locker (5) 


and by Kominz e¢ al. (6). 
EXPERIMENTAL 


Methods—The isolation and purification of the tropomyosins 
in this work followed the procedure of Bailey (7), with isoelectric 
precipitation of the protein from the muscle extract at pH 4.6 
to 4.8, and subsequent salting out in the 41 to 70 per cent am- 
monium sulfate saturation range. Each tropomyosin was re- 
purified by reprecipitation of the protein and resalting out with 
ammonium sulfate. 

The concentration dependence of the sedimentation constant 
was determined from four dilutions of the frog, three dilutions 
of the carp, and one of the lamprey tropomyosins.’: 3 


* Taken in part from a doctoral thesis submitted by Farida M. 
Saad to the faculty of Georgetown University in partial fulfill- 
ment of requirements for the degree of Ph.D. in Chemistry, June 
1958. 

1 Lamprey eel body wall was received frozen-fresh, in 1- to 2- 
inch pieces, from Dr. Vernon C. Applegate of the Dept. of Agri- 
culture Fish and Wildlife Service, Hammond, Michigan, Fishery 
Laboratory. Dr. Applegate caught the animals in northern Lake 
Michigan. 

2 We wish to express our appreciation to Dr. William R. Carroll 
and to Mr. Ellis R. Mitchell of this laboratory, for the operation 
of the ultracentrifuge. 

3 Spinco model E ultracentrifuge, with schlieren optical system, 
including a phase plate diaphragm assembly, Spinco Division, 
Beckman Instruments, Inc., Belmont, California. 
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The ultraviolet absorption spectra of the once- and twice- 
purified tropomyosins were examined in order to check freedom 
from nucleic acids. 

The tropomyosins formed crystals on dialysis at pH 5.2 in 
0.2 m KCl. Frog tropomyosin crystallized in rhomboid-like 
plates, approximately 0.1 mm. across, and in rhombohedral-like 
rods approximately 0.15 mm. long and 0.02 mm. wide, as seen 
from photomicrographs. Carp tropomyosin formed crystals 
similar in size and shape to those of the frog protein, but more 
resistant to melting under the photomicroscope lamp. Later, 
an aliquot of the same carp tropomyosin solution, on standing 
in the refrigerator in a dialysis tube for several days, crystallized 
in rods approximately 1 mm. in length. Lamprey tropomyosin 
formed smaller and thinner plates than those of frog tropo- 
myosin. These were observed under a light microscope in the 
cold room, at 4°, but melted on exposure to a photomicroscope 
lamp. 

The nitrogen content of the tropomyosins and tropomyosin 
hydrolysates was determined by the Kjeldahl method.5 

Hydrolysis of Proteins—Hydrolyses of 18 and 72 hours of 
the tropomyosins were carried out in sealed ampoules, in 6 N 
HCl, at approximately 102-105°. As a check on the efficiency 
of the 72-hour hydrolysis, a 96-hour hydrolysis was also done on 
frog tropomyosin. No filtration of the hydrolysates was needed. 

Performic Acid Oxidation—A sample of 25 to 30 mg. of each 
twice-purified tropomyosin was oxidized with performic acid,® 
in order to obtain as cysteic acid all the cystine and cysteine 
present in the protein, as previously described (8, 9). In this 
work, however, the proteins were exposed to the performic acid 
for 2 hours (rather than 15 or 30 minutes), before water was 
added to stop the reaction. The oxidized protein does not gel 
in salt-free solution. The oxidized tropomyosins were hydro- 
lyzed for 18 hours and analyzed for amino acids. 

Amino Acid Analyses—The acidic and neutral amino acids of 
the tropomyosin hydrolysates were separated by means of 
Moore and Stein (10) ion exchange chromatography on 85 x 


* Ultraviolet absorption was determined by means of a Beck- 
man model DU spectrophotometer, Beckman Instruments, Fuller- 
ton, California. 

5 We wish to thank Mrs. Evelyn Peake and Mr. Byron Baer of 
the Microanalytical Laboratory of this Institute for nitrogen 
analyses of proteins and hydrolysates, and Mr. William Conway 
of this laboratory for supplementary nitrogen analyses. 

6 Protein powder, 25 to 30 mg., was dissolved in 0.9 ml. of 88 
per cent formic acid. To this was added 0.1 ml. of 30 per cent 
hydrogen peroxide (‘‘Superoxol,’’ of Merck and Company). 
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TABLE | 
Amino acid composition of tropomyosins of cold-blooded vertebrates (Residues/105 grams of Protein) (Twice-purified Proteins) 
Frog Carp Lamprey 
Hydrolysis 18-hr. 72-hr. 96-hr. 18-hr. 72-hr. 18-hr. 72-hr. 
Amino acids ; 
Avg. Avg. PFA O O O PFA Avg. Avg. Avg. Avg. 
two | deviation) | ‘run | run | tun | oxid.tt | | deviation| two | deviation | | 
% % % 

Half-cystine. ....| (1.8) 5.9 (4.3) (3.8) (2.0) 5.0 5.8 (3.2) 
3.0 2.6 0.3 
Aspartic acid.... 91.1 Be 92.0 90.5 90.5 88.6 98.7 95.7 0.3 92.5 93.0 92.2 
MetS0;1. 26.0 1.6 47.8 27.2 28.1 25.1 43.0 28.8 3.7 30.1f 45.7 31.7 

Threonine§....... 
RRs 65 sews 33.0 1.6 28.4 29.9 30.5 33.2 33.6 32.5 3.0 39.2T 42.4 37.6 
Glutamie acid..... 197.0 1.0 200.0 | 201.1 195.0 203 .0 207 .0 200.8 1.1 205.0F 201.0 | 204.0 
14.4 0.3 14.7 14.4 13.5 17.5 15.1 17.8 2.5 14.8 3.0 15.5 14.8 
NE ine oa 104.8 0.7 107.0 | 106.0 104.0 106.5 103.3 106.5 0.5 102.1 1.1 105.3 | 105.3 
ES eae ae 24.6* 23.9 32.0 31.5 27.3 28.5 36.8 1.3 28.3 1.9 24.8 35.1 
Methionine§...... 20.0 4.2 14.0 13.8 21.9 (1.9) 17.8 (2.8) 16.8 1.8 15.2 
Isoleucine........| 26.0 1.4 28.8 30.2 24.9 24.5 29.8 0.9 27.3 0.5 23.5 32.7 
CS ee i 93.6 0.1 94.8 92.9 101.8 101.8 106.6 0.4 86.1 0.5 89.8 87.6 
- 17.7 16.1 16.8 18.9 (0.7) 18.5 1.6 18.9 1.8 18.9 
Phenylalanine..... 4.3 (4.7) 4.3 4.6 3.4 5.8 5.7 0 4.0 2.5 5.6 3.9 
18-hr 72-hr. 96-hr 18-hr. 72-hr. 18-hr. 72-hr. 

Avg. | Avg.de-|; Avg. jAvg.de-| Avg. jAvg.de-| Avg Avg. Avg. Avg. Avg. Avg. Avg. Avg. 

three | viation two viation two viation two deviation two deviation two deviation three deviation 
runs 4 (+) runs|| (+) runs® ( runs® (+) runs|| (+) runs|| (+) runs? (+) 
% % % 70 % % % 
OS eee 6.8 1.6 6.3 | 1.6 6.6 | O 6.8 0 6.0 1.7 6.7 0 6.7 3.7 
_ RR Sees 109.2; 2.3 112.3 | 1.5 | 108.8] 1.8 112.4 0.4 113.0 0.6 115.1 0.9 115.7 0.4 
ere $7.2; 3.8 63.1 {| 3.9 58.0 O 62.5 0.8 63.3 1.9 60.2 1.4 63.4 1.6 
peepee... .......-. 42.2\| 2.3 39.8 | O 40.6 0.4 41.0 1.3 41.6 2.3 40.8 2.0 
3.9 2.8 6.4 2.5 | 4.0 2.9 3.4 2.8 0 2.9 3.1 


* PFA oxid. = performic acid-oxidized. 
7 One run made. 


t MetSO = methionine sulfoxide; MetSO. = methionine sulfone. 


§ Uncorrected for hydrolytic losses. 

€ Two runs at room temperature, one run at 50°. 
| One run at room temperature, one run at 50°. 

@ Two runs at 50°. 

> One run at room temperature, two runs at 50°. 


0.9-cm. columns of Dowex 50, 12 per cent cross-linked resin on 
the sodium cycle. The amino acids were eluted with 0.1 M cit- 
rate buffers’? and determined as previously described (9). The 
basic amino acids were fractionated on two types of Moore and 
Stein columns: one, a 13 X 0.9-cm. column eluted with three 
buffers (10), was run at room temperature; the second, a 14 X 
0.9-cm. column was run at 50° and eluted with 0.4 m citrate 
buffer (pH 5) (11). 

The amino acid residues per 100,000 gm. of protein were 
calculated, assuming a nitrogen content of 16.7 per cent for 
tropomyosin. Optical density values of 4.45 per umole were 


7 The amino acids were collected by means of a Technicon Frac- 
tion collector and drop counter (Technicon Chromatography 
Corporation, New York, New York), and a Gilson Fraction col- 
lector (Gilson Medical I:lectronics, Madison, Wisconsin) with a 
drop counter constructed by the Instrument Section of the Na- 
tional Institutes of Health. 


determined by running amino acid standards in the ninhydrin 
reaction. 

Hydrolytic Loss Correction—The methionine content of the 
hydrolysates was corrected by extrapolation, to zero time, of 
the 18- and 72-hour values of methionine plus methionine sulfox- 
ide. The differences between the zero-time value and the 18- 
and 72-hour values of (methionine plus methionine sulfoxide) 
were assumed to be because of the production of methionine 
sulfone, which is eluted together with threonine (under the ex- 
perimental conditions used here (12), as can be seen from the 
analyses of the performic acid-oxidized protein hydrolysates 
(Table I)). When these differences (= methionine sulfone) 
are then subtracted from the 18- and 72-hour values of the “ap- 
parent” threonine, it may be assumed that one obtains the value 
of threonine alone. The resulting values for threonine (from the 
18- and 72-hour hydrolysates), extrapolated to zero time, cor- 
rect for the hydrolytic loss in threonine. 
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Supplementary Analytical Methods 


1. Determinations for proline were made, on the first 15 tubes 
eluted from the basic columns, by the Chinard method (13). 
Quantitative determination of proline by the Moore and Stein 
ninhydrin method was very uncertain because of the small 
quantity of proline in tropomyosin, adjacent to or overlapped 
by hte large glutamic acid peak. 

2. The nitrosonaphthol method (14) for tyrosine content de- 
termination was used on aliquots of one test sample and several 
preliminary hydrolysates to check the values obtained from the 
column eluates and the Stein and Moore ninhydrin method. 
The two analytical methods agreed well. 

3. The Irreverre-modified Sakaguchi test,’ used in determining 
the arginine content of a hydrolysate of frog tropomyosin and 
also in preliminary tests, gave the same values as column chro- 
matography. 

4. The Conway microdiffusion method for the determination of 
amide ammonia (15) in 18-, 48-, and 96-hour hydrolysates of 
frog tropomyosin showed good agreement with results from 
chromatography of 18- and 96-hour hydrolysates on the basic 
column run at room temperature. 


Carboxyl End Group Determination—C-terminal groups of | 


frog, carp, and lamprey tropomyosins were determined after 
reaction with carboxypeptidase A.°:!® The carp and lamprey 
tropomyosins were the twice-purified samples with no detect- 
able impurity in ultracentrifugal examinations. The frog tropo- 
myosin preparation used in these determinations showed about 
3 per cent impurity in the ultracentrifuge. 

Before reacting with carboxypeptidase A, the three tropo- 
myosins were dialyzed extensively, first against 0.2 m KCl and 
then against water in order to remove possible amino acid and 
small peptide contaminants, and to remove the salt. 

Carboxypeptidase was obtained as a suspension, in water, 
and had been 3 times crystallized.!!| The enzyme was prepared, 
and the reaction carried out for 6.5 minutes, according to the 
method of Gladner and Neurath (16). Approximately 1 umole 
of tropomyosin was mixed with enzyme solution, with a substrate 
to enzyme molar ratio of approximately 20:1. The liberated 
amino acids were analyzed by paper (17) and column (10) 
chromatography, according to Kominz et al. (6). 


RESULTS 


Ultracentrifugation—Sedimentation diagrams of the frog, carp, 
and lamprey tropomyosins showed ultracentrifugal homogeneity 
even after one purification. The concentration dependence of 
the sedimentation of the three proteins is shown in Fig. 1. 

Ultraviolet Absor ption—The ultraviolet absorption spectrum of 
carp tropomyosin showed a 260 to 280 my ratio of 0.793 after 


§ Unpublished method of Dr. Filadelfo Irreverre of this labora- 
tory. 

* “Carboxypeptidase A’’ is used to denote the classical carboxy- 
peptidase of Anson, as distinguished from the ‘‘Carboxypeptidase 
B” recently reported (29, 30). 

10 One of us, F.S., thanks Dr. Jules A. Gladner for his personal 
direction in the use of this enzymatic method, Miss Emilie Smith 
for demonstrating techniques in enzyme preparation, and Mr. 
Alonza Hayden for instruction in the use of the Irreverre chroma- 
tographic method. 

1 From the Worthington Biochemical Corporation, Freehold, 
New Jersey. 
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TROPOMYOSINS IN 02M KCI 
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PROTEIN CONCENTRATION 


Fig. 1. Concentration dependence of sedimentation of tropo- 
myosins (with extrapolation to zero protein concentration). 
Frog, once-purified (X); frog, twice-purified (@); carp, once- 
purified (O); lamprey, once-purified (A). 


TaBLeE II 
Amino acid composition of cold-blooded vertebrates (residues/10° gm. 
of protein) resulting from 18- and 72-hour hydrolyses, with 
amino acid and nitrogen weight recovery of hydrolysates 


Maximal 
Amino acids Pit el Frog Carp Lamprey 
(+) 
% 
Half-cystine...... 5.9 5.0 5.8 
Aspartic acid..... 1.7 91.1 95.7 92.5 
Threoninef....... 3.7f 25.4 24.1 29.8 
Glutamie acid.... 1.1 201.0 200.8 204.5 
3.0 14.4 17.8 14.8 
Alanine 106.0 106.5 105.3 
1.9 32.0 36.8 35.1 
Methioninef§. .... 4.29 24.6 23.3 17.2 
Isoleucine........ 1.4 28.8 29.8 32.7 
Leucine.......... 0.5 94.8 106.6 87.6 
Tyrosine......... 1.8 17.7 18.5 18.9 
Phenylalanine. ... 4.7 4.3 5.7 4.0 
7.1 2.9 2.9 2.9 
Histidine......... 3.7 6.8 6.0 6.7 
ee 2.3 112.3 113.0 115.7 
Amide-NHs3....... 3.9 55.2 62.2 59.2 
Arginine......... 2.3 42.2 41.0 41.6 
Total number of residues... . 844 867 855 
Recovery of theoretical hy- 
99.8% 100.0% 100.0% 

Total residue wts. (gm.)..... 96, 901 99 , 305 97,780 - 
Total residue nitrogen (gm.). 16,153 16,477 16,342 
N wt./residue wt............ 16.67% 16.59% 16.71% 
Net anionic chg. at pH 8)... 83 80 80 


* From Table I. 

Tt Values obtained by extrapolation to zero time. 

t Includes changes due to production of methionine sulfone. 

§ Includes methionine sulfoxide. 

q Affected by variable oxidation: approximate calculation. 

|| Due to the excess of the sum of dicarboxylic acid groups over 
the sum of (arginine plus lysine plus amide ammonia). 
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TABLE III 
Determination, by chromatography on Dowez 50 columns, of amino 
acids cleaved by carboxypeptidase A from cold-blooded vertebrate 
tropomyosins (residues per 105 gm. of protein) 


Amino acids Frog Carp Lamprey 
Aspartic 02 .09 
(Methionine + MetSQO).... 50 


* See Table I. 


one purification; the ratios for the frog and lamprey tropomyo- 
sins were close to 0.6. After the second purifications, the spectra 
indicated that nucleic acids had been eliminated. The tyrosine 
content of the proteins, determined from the molar extinction 
coefficient of 2.34  10¢ at pH 12.5 and 292.5 my was within + 
5 per cent of the value determined from amino acid analyses, 
indicating the absence of tryptophan, as with other tropomyo- 
sins. 

Amino Acid Analyses—Table I shows the results of amino acid 
analyses of the 18- and 72-hour hydrolysates of the three tropo- 
myosins, and of the 96-hour hydrolysate of the frog protein. 
From these analyses, the higher values were taken for each 
amino acid, from the average of either the 18- or 72-hour hydrol- 
ysates, in order to account for both increased destruction of some 
amino acids and increased liberation of others with increased 
hydrolysis time (Table II). The 96-hour hydrolysate of frog 
showed insufficient difference from the 72-hour hydrolysate to 
necessitate the inclusion of 96-hour hydrolysates in these cal- 
culations. 

The maximal values for threonine, serine, methionine, and 
amide ammonia were obtained by extrapolating to zero time 
the curves of the 18- and 72-hour hydrolysis values for these 
amino acids from each tropomyosin. The extrapolated value 
for threonine, as obtained directly from amino acid analyses, 
is the same as the extrapolated value of the 18- and 72-hour 
hydrolysate values of threonine remaining after subtraction of 
the (methionine plus methionine sulfoxide) hydrolytic loss (see 
“hydrolytic loss correction” under ‘“Methods’’). 

Table II shows the amino acid content of the tropomyosins, 
obtained from the 18- or 72-hour hydrolytic values shown in 
Table I, whichever is higher, with the exception of threonine, 
serine, methionine, and amide ammonia, of which the values of 
the extrapolation to zero time were used. 

Table II also shows the amino acid and nitrogen weight re- 
covery of each hydrolysate. 

C-terminal Groups—Table III shows the quantitative results 
of Moore and Stein column chromatography. 


DISCUSSION 


The difference in the stability to warming, between the crys- 
tals of lamprey and carp tropomyosin, suggests possible dif- 
ferences between the molecular structures of the two tropomyo- 
sins. 
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The average sedimentation constant of the frog, carp, and 
lamprey tropomyosins, extrapolated to zero protein concentra- 
tion, was in the vicinity of 3.1. This is similar to that found 
for other tropomyosins (18). 

From the limited number of duplicate amino acid analyses 
made of the tropomyosins in this work, the maximal deviation 
of any amino acid (see Table I) is less than +4 per cent, except 
for methionine, phenylalanine, and the proline of the frog and 
carp tropomyosins. Methionine oxidation to the methionine 
sulfoxide and the sulfone is a variable factor, whereas phenyl- 
alanine content is less than 0.5 per cent, and proline is less than 
0.4 per cent. Most of the remaining amino acids varied by an 
average of approximately +2 per cent. Eastoe (19), who used 
Moore and Stein Dowex 50 columns in the analysis of ox hide 
gelatin, found a reproducibility of better than +4 per cent for 
all but tyrosine, and better than +2 per cent for amino acids 
present in the hydrolysate in amounts greater than 3 per cent. 
Kominz et al. (9) in this laboratory, determined a deviation of 
approximately +5 per cent for individual amino acids recovered 
from different hydrolysates. 

The extrapolated value of the “calculated” threonine and the 
extrapolated value of the “apparent’’ threonine were the same 
in each case, within: experimental limits. This indicates that 
the methionine sulfone component in “apparent threonine” 
is absent at zero hydrolysis time. The curve determined by 
the 18- and 72-hour values of serine was also extrapolated to 
zero time to correct for loss. The extrapolated values of the 
ammonia curves were used as the corrected values for amide 
ammonia. The increase in the amide ammonia content of each 
protein, with hydrolysis time, may be considered equivalent, 


TABLE IV 


Comparison of amino acid composition of tropomyosins of cold- — 


blooded vertebrates with tropomyosins of rabbit and busycon 
(restdues per 105 gm. of protein) 


Busycon | Rabbit . . | 

Half-cystine..... 6.5 5.9 (5.0) 5.8 
Aspartic acid....) 107 89 9] 96* 93 
Threonine....... 31 26 25 24 30 
48 40 34* 33* 40) 
tlutamie acid...) 204 212 201 201 205 
tee 20 12 14 18*tt 15 
101 108 106 107 105 
21 27 32* 37* 
Methionine...... 18 16 25* 33° 17t 
Isoleucine. ...... 24 30 29 30 33 
100 95 95t 107*f 88*t 
Tyrosine........| 15 15 18* 19* 19* 
Phenylalanine. .. 8 3.3 4.3 §.7*T 4.0 
1.8 1.7 2.9 2.9 2.9 
79 107 112 113 116* 
Histidine........ 3 5.5 6.8 6.0 6.7 
Arginine......... 59 41 42 41 42 
Amide-NH;3...... (90 ) (64) (55 ) (62 ) (59) 


* Significant difference from rabbit. 


t Tends toward mollusc, away from rabbit. 
t Reflects species specificity among Classes I (Lamprey), I 
(Carp), and III (Frog) of the Phylum Chordata, Subphylum Verte- 


brata. 
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within experimental limits, to the decrease in serine and threo- 
nine (after subtraction from the latter of the calculated methio- 
nine sulfone). The proportional increase of ammonia with de- 
crease of the hydroxyamino acids, under certain hydrolytic 
conditions, has been studied in detail (20). 

Table IV allows a comparison to be made between the tropo- 
myosins investigated here and those of rabbit and Busycon (18). 
The significant differences noted in Table IV are discussed in 
the footnotes to the table. There are apparently species-specific 
differences in glycine and leucine among the three tropomyosins 
investigated here. The amino acid composition of the cold- 
blooded vertebrate tropomyosins, when compared with that 
of rabbit tropomyosin, shows no alteration of the lysine-to- 
arginine ratio. The decrease in this ratio has been found to be 
characteristic in passing from vertebrate to invertebrate and 
smooth muscle tropomyosins (6, 18). There is a slight decrease 
in glutamic acid, probably within experimental error, and a 
similar slight increase of aspartic acid. The net anionic charge 
is between 80 and 90, which is characteristic (18) of tropomyosin 
B (Bailey’s classical tropomyosin). 

The differences in content of several amino acids between 
Kubo’s haddock tropomyosin (4) and the carp tropomyosin in 
this work are significant. Kubo found larger quantities of 
serine, threonine, and especially of glutamic acid (237 groups 
in haddock to 201 groups in carp). Larger quantities of glycine, 
alanine, valine, methionine, and leucine were found in carp 
tropomyosin. These variations may be either in the material 
or in the method. Kubo, using 110° temperatures for hydroly- 
sis, reported complete destruction of 18 groups of methionine 
per 10° gm. of protein in 72 hours. Under our hydrolytic condi- 
tions, less than 10 per cent of the (methionine plus methionine 
sulfoxide) was destroyed. 

The variation in the destruction rates of serine, threonine, and 
methionine from one tropomyosin to another, in this work, 
seems to be well within the experimental error. However, 
this variation may be a function of differences in sequence in 
the peptide chains similar to those found by Harris et al. (22) 
in insulins from various sources. The latter possibility may ac- 
count to a greater degree for the decreased destruction rate of 
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serine and threonine in this work, compared to those reported 
by various workers (19, 20, 23). This possibility has also been 
cited by Smith et al. (24) who found significant differences be- 
tween papain (24) and carboxypeptidase (25) hydrolysates, 
in the stability of serine and threonine. The greater lability 
of the peptide bonds of threonine and serine, postulated by 
Desnuelle and Casal (26), functioning in a protein chain in which 
are present also the branched-chain isoleucine and valine, which 
have greater than average stability to acid hydrolysis (24, 25, 
27, 28) could conceivably produce a spectrum of rates of libera- 
tion, and, consequently, of destruction of amino acids in the acid 
hydrolysis of proteins. The over-all rates would logically vary 
with the amino acid sequence of each protein. 

It is apparent that at least frog tropomyosin has a C-terminal 
isoleucine, as was reported for rabbit by Locker (5) and con- 
firmed by Kominz e¢ al. (6). In the case of the carp and lamprey 
it is impossible to identify the C-terminal groups without a time- 
sequence study. At 6.5 minutes, three amino acids appear in 
equivalent quantities. 


SUMMARY 


1. Frog, carp, and lamprey tropomyosins were prepared and 
purified according to Bailey’s method. These proteins resemble 
both tropomyosins A and B in sedimentation velocity (s29,,, = 
3.1). 

2. The amino acid analysis from serial hydrolyses allowed cal- 
culation of hydrolytic losses of threonine and serine, and maxi- 
mal values for valine and isoleucine. The lysine-arginine ratios 
(average 114:42) are characteristic of vertebrate tropomyosins. 
The net anionic charge on each protein is approximately 80 to 
83 at pH 8. This value is in the range for tropomyosin B. 

3. The quantities of glycine and leucine appear species-specific 
for the three tropomyosins investigated here. There appear 
to be some significant differences in quantity in some amino 
acids between these proteins individually, or as a group, and 
the amino acids of rabbit tropomyosin. | 

4. Frog tropomyosin, like that of rabbit, appears to have C- 
terminal isoleucine, and probably serine, according to the reac- 
tion with carboxypeptidase. 
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In the course of a study on the comparative structure of 
crystalline a-amylases of various origin, an analysis of the amino 
acid composition of Bacillus subtilis a-amylase has been under- 
taken. Investigation of this protein seemed of particular in- 
terest since current work has shown that B. subtilis a-amylase is 
a calcium metallo-enzyme (1-3) normally found in the form of 
a dimer, in which the two protein moieties are linked by an atom 
of zine (1, 4). In addition, a previous study of the amino acid 
composition of this enzyme has indicated that it contains no 
sulfhydryl groups nor disulfide linkages (5). 

In the present study, 24-, 48-, and 72-hour hydrolysates of B. 
subtilis amylase have been analyzed by ion exchange chroma- 
tography, according to the method of Moore and Stein (6). 
Absence of half-cystine residues in the enzyme has been con- 
firmed by high voltage paper electrophoresis, a method which 
permits the quantitative separation (7) and determination of 
cysteic acid! present in protein hydrolysates obtained after per- 
formic acid oxidation. Tryptophan has been analyzed by the 
spectrophotometric method of Goodwin and Morton (8). 

In view of the fact that recrystallized samples of B. subtilis 
amylase may still be contaminated by proteases (9), and since 
the possibility cannot be excluded that the enzyme may have 
undergone limited proteolysis not detectable by changes in 
specific activity, the amino acid analyses have also been per- 
formed on samples which have been purified and crystallized in 
the presence of diisopropylphosphorofluoridate, a compound 
known to inhibit many proteases. 


EXPERIMENTAL 


Materials and Methods 


Bacterial a-amylase originating from B. subtilis was obtained 
as a powder from the Takamine Laboratories, Clifton, New 
Jersey. Two separate lots of this starting material were purified 
and crystallized four times (a) according to a conventional 
procedure (10, 11), and (6) in the presence of DFP? (9). The 
former material will be referred to in this paper as Preparation 
I, the latter as Preparation II. As previously reported (11), 
samples of B. subtilis amylase recrystallized several times are 


* This study was supported by the Initiative 171, Research 
Fund of the State of Washington, and by a research grant (No. 
A941) from the National Institutes of Health, United States 
Public Health Service. 

1 Work in preparation by G. H. Dixon, D. E. Kauffman, and 
H. Neurath. 

2 The abbreviation used is: DFP, diisopropylphosphorofluori- 
date. 


essentially homogeneous when examined by electrophoresis and 
in the ultracentrifuge. 

Hydrolyses were performed in Pyrex tubes containing approx- 
imately 35 mg. of protein and 12 ml. of constant boiling re- 
distilled HCl. The tubes were evacuated, sealed, and placed in 
the autoclave at 113 + 1° for 24, 48, and 72 hours, respectively. 
The hydrolysates were freed of HCl by repeated drying in a 
vacuum over NaOH and redissolving in water. Finally, humin 
was removed by centrifugation, and the concentration of the 
clear amino acid mixture was determined by micro-Kjeldahl 
analysis. 

In order to determine the nitrogen content of B. subtilis 
amylase, small ions were removed from the protein by passage 
of two 200-mg. samples through a mixed bed column, 0.9 x 5.0 
em., prepared with 20 to 50 mesh Amberlite resins, 2 parts of 
IRA-400 in the OH- form mixed with 1 part of I1R-120 in the 
H+ form, overlying a l-cm. layer of JR-120 in the H+ form (12). 
Constant weight was attained after drying the deionized protein 
to a film in a vacuum over P.O,, first at room temperature, then 
for 6 hours at 80° and 4 mm. Hg pressure.’ ‘Triplicate dry 
weight determinations and triplicate Kjeldahl analyses on both 
deionized samples‘ gave a nitrogen content of 16.0 per cent for 
B. subtilis a-amylase as compared to 16.23 per cent found by 
Akabori et al. (5). The extinction coefficient, El is 25.3 in 
0.01 m glycerophosphate, pH 6.0. 

Chromatographic analysis was performed on Dowex 50-X8 
(250 to 400 mesh), with use of the 0.9 x 100-cm. column for the 
acidic and neutral amino acids, and the 0.9 * 15-cm. column for 
the basic amino acids and ammonia, as described by Moore and 
Stein (6). 1-ml. effluent fractions were collected by means of a 
Technicon automatic fraction collector equipped with a drop 
counting device, and analyzed by the ninhydrin method (13) 
with the use of a Beckman model B spectrophotometer. Nin- 
hydrin color values were determined in this laboratory on re- 
crystallized samples of each amino acid without preliminary 
passage through the column. The percentage recovery from 
the column was determined by analysis of synthetic mixtures of 
all amino acids except isoleucine. In most instances the re- 


3 No change in the weight of the protein occurred after a further 
drying of the samples for 16 hours at 80° in a vacuum and for an 
additional 24 hours at 110° without vacuum. 

‘ The first protein sample used was 200 mg. of Preparation II, 
giving a nitrogen content of 15.88 per cent. The second sample 
was a mixture of 90 mg. of Preparation I and 110 mg. of Prepara- 
tion II, in which the nitrogen value was 16.05 per cent. These 
results indicate that the nitrogen contents of Preparations I and 
II differed by no more than 2 per cent, which is within experi- 
mental error. 
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covery Was approximately that reported by Moore and Stein 
(6). A slight overlap occurred between the alanine and glycine 
peaks. Glutamic acid and proline also failed to separate com- 
pletely, necessitating the use of the Chinard method for proline 
(14,15). Recovery of proline (91.5 per cent) and of methionine 
(93.4 per cent) was somewhat low. In view of inherent error 
in the method for these amino acids, the results for proline’ and 
methionine (see below) were not corrected upwards. 

Amide nitrogen was not determined in this study. An ap- 
proximate estimation of ammonia was made from the results 
obtained for the 23-hour hydrolysates on the 15-cm. column, by 
correcting for NH; derived from the decomposition of serine and 
threonine (as determined from the values extrapolated to zero 
time) (16, 17). No correction was made for ammonia derived 
from destruction of tryptophan. 

Cystine and cysteine were determined as cysteic acid after the 
protein samples had been oxidized with performic acid for 20 
hours at 0°, under conditions similar to those which have been 
described previously (12, 18, 19). After oxidation, the samples 
were diluted with 10 volumes of cold boiled water and lyophilized 
to remove the solvent. Sulfur dioxide was used to reduce any 
last traces of performic acid which might have withstood lyo- 
philization. Excess SO2 was removed by evacuation, and the 
oxidized protein was hydrolyzed by reflux boiling in HCI for 22 
hours. To remove the HCl, the hydrolysate was diluted, frozen, 
evacuated, and dried in the presence of NaOH pellets. After a 
second addition of water, the hydrolysate was lyophilized, re- 
dissolved in a smal] amount of water, and centrifuged to remove 
traces of humin. Kjeldahl analysis indicated that the loss in 
protein during the entire procedure was no more than 3 per cent. 

Cysteic acid was separated from the other amino acids in the 
hydrolysate of the oxidized protein by high voltage paper electro- 


| phoresis (1500 volts) in pyridine-acetic acid buffer, pH 3.6, on 


- Whatman No. 3 filter paper immersed in cumene! (20). 


— 


— 


The 
cysteic acid was quantitatively eluted from the paper and ana- 
lyzed by the ninhydrin method (7). A sample of a-chymo- 
trypsinogen® recrystallized five times and of known half-cystine 
content (12) was subjected to identical treatment to test the 
reliability of the method. 

Tryptophan was determined by spectrophotometric analysis 
of a sample of protein dissolved in 0.1 N NaOH, with application 
of the solution of simultaneous linear equations on the basis of 
the selective absorption of tyrosine and tryptophan (8). The 
concentrations of both amino acids were calculated from the 
intensities of absorption measured in the Beckman model DU 
spectrophotometer at two wave lengths, namely (a) the wave 
length at which the absorption curves for tyrosine and trypto- 
phan were found to intersect (295 my) and (6) each of a set of 
four wave lengths, 275, 280, 285, and 290 mu. Corrections were 
made for spurious absorption according to Goodwin and Morton 
(8), and the corrected and uncorrected values computed from 
each of the four sets of wave lengths. 


RESULTS AND DISCUSSION 


The analytical data from 24-, 48-, and 72-hour hydrolysates 
of each of the two protein preparations, I (without DFP) and 


‘Large differences exist between color values for proline at 570 
mu and at 490 my, the Chinard reagent being used. In the first 
case, the optical density per 0.1 umole in a volume of 6.1 ml. is 
equal to 0.0275, whereas, in the second case it is equal to 0.248. 

‘Kindly supplied by Dr. P. E. Wilcox. 
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II (with DFP), are presented in Table I. The values obtained 
for the three periods of hydrolysis were averaged whenever no 
significant increasing or decreasing trend could be detected. 
With the exception of serine, separate averages of values for 
Preparations I and II were in good agreement with each other, 
varying from 0.2 per cent for isoleucine to a maximum of 3.5 
per cent for alanine. Consequently the data obtained for both 
preparations were combined and averaged, except for the values 
in parentheses, which were omitted. 

A careful assessment of the limits of error is important to this 
type of investigation, since the precision of the analysis is not 
the same for the different amino acids (21). Therefore, the 
standard deviation of the mean (s;) has been included in Table 
I for each amino acid except serine and threonine. From s;, a 
95 per cent confidence interval has been obtained with use of a 
t value having n — 1 degrees of freedom, where n is the number 
of observations and ~ is the mean. The value < + ts; given in 
Table II represents the limits within which the correct value will 
lie 95 times out of 100. This analysis supplies precise minimal 
limits of error valuable in showing which determinations must 
be disqualified, on the basis of lack of precision in the test, for 
use in the assessment of the integral numbers of amino acid 
residues per molecule of protein. It should be pointed out, how- 
ever, that this procedure does not necessarily give an assessment 
of the accuracy of the over-all total recovery. The latter may 
be further affected by the existence of (a) an internal bias, as, 
for example, an increasing or decreasing trend with time of 
hydrolysis, or (b) an external bias, such as an error in the deter- 
mination of protein concentration. The limits of error calculated 
from ts; (Table II) range from +1.0 per cent for lysine to +5.9 
per cent for methionine.’ 

Typical elution curves from a 48-hour hydrolysate are given 
in Figs. 1 and 2. They have not been corrected by subtraction 
of a blank in order to show the variations in the base line which 
occurred in certain chromatograms, particularly in the regions 
before and after the glutamic acid, glycine, and alanine peaks, 
as well as before methionine and after leucine. These lead to 
the possibility of 2 to 5 per cent error in the integration of the 
areas below the peaks, as indicated in Table I. Such variations 
have been considered to be due to peptides present in prepara- 
tions in which hydrolysis was incomplete (22, 23). This ex- 
planation does not seem to apply to our preparations, since the 
inconsistencies did not disappear after prolonged hydrolysis. 

Variations in Concentration of Amino Acids as a Function of 
Time of Hydrolysis—The use of three different times of hydrolysis 
in this study was indicated in view of the increasing evidence 
that amino acids may differ markedly in their degree of lability 
and rate of liberation. It has been shown that extensive de- 
composition of cystine and tryptophan, and moderate decomposi- 
tion of serine and threonine may occur in acid hydrolysis (12, 16, 
17, 22). On the other hand, bonds involving valine and iso- 
leucine appear to be quite resistant. Increases in the concentra- 
tion of the latter two amino acids with longer time of hydrolysis 
have been reported for insulin (15), carboxypeptidase (22), 
papain (23), and a-chymotrypsinogen (12). In the case of 
ribonuclease (16) further liberation of isoleucine, but not valine, 
occurred. The peptide bonds of the other amino acids are for 
the most part easily hydrolyzed, and after 24 hours of hydrolysis 


7 Upon correction for spurious absorption, the limits of error 
for tryptophan were +7.9 per cent, as compared to +5.0 per cent 
before correction. 
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TABLE I 
Amino acid recoveries from B. subtilis a-amylase 


The results are in terms of grams of amino acid per 100 gm. of protein. 


Values in parentheses have been omitted from the average. 


| Time of hydrolysis 
Amino acid Preparation I Preparation IT Average s5* 
24 hrs 48 hrs. 72 hrs 24 hrs 48 hrs. 48 hrs. 72 hrs. 
gm. gm. gm. gm. gm. gm. gm. gm. ss 

14.32 14.92 14.73 14.09 14.40 14.44 14.54 14.49 0.1] 
5.03 4.63 3.95 5.28 4.92 4.94 4.69 5. 59T 
4.08 3.20 2.30 4.69 3.90 4.14 3.22 5.21f 
Glutamic acidf.............. 12.68 13.07 13.72§ 13. 20§ 12.10 12.86 12.94 0.22 
(2.67) 3.26 3.39 3.25 3.57 3.41 3.37 0.04 
5.76 6.10 5.93 5.98 6.09 6.15 6.01 0.06 
5.12 5.29 5.138 5.30 5.36 5.53 5.26 5.29 0.05 
none detected none detected 
6.02 6.13 6.21 6.02 6.02 6.36 6.18 6.14 0.05 
1.41 1.48 1.538 (0. 85§ ) 1.41 (1.368) 1.56§ 1.47 0.03 
4.63 4.60 4.408 4.49 4.50 4.75§ 4.48 4.55 0.05 
5.95 (5.42$) 6.13 6.18 6.20 6.07 6.10 0.04 
8.94 9.15 9.01 9.07 9.20 8.95 9.05 0.05 
Puemyeemime............... 6.00 5.87 5.89 6.03 6.23 6.02 6.01 0.06 
oe oe ge 3.82 4.08 3.89§ 3.92 3.98 3.84 3.80 3.90 0.04 
7.34 7.40 7.018) 7.42 7.47 7.44 7.44 7.42 0.06 
6.19 6.06 (5.678) (5.88§) 6.20 6.09 5.90 6.09 0.05 
2.02 2.17 2.48 1.86 1.86 1.69 2.12 


* Standard deviation of the mean. 


+ Values for serine and threonine represent the average for Preparations I and II after extrapolation of each to zero time of hydroly- 


sis. 


t Glutamic acid has been corrected upward for 3 per cent loss during chromatography (6). 
§ Possible error of 2 to 5 per cent due to variation in the base line. 


the yields usually remain constant or change only slightly. For 
instance, proline has been shown to be constant after 24 hours in 
carboxypeptidase (22), to decrease somewhat in ribonuclease 
(16), and to increase a little in a-chymotrypsinogen (12). 

The conditions of hydrolysis used in this work were such that 
complete or almost complete liberation of the amino acids seemed 
to have occurred within 24 hours, with the possible exception of 
proline and methionine. For both of these amino acids, one of 
the two 24-hour hydrolysates gave a very low value which was 
omitted from the average. For proteins low in methionine, the 
method used here appears to be inadequate, and the values ob- 
tained should be considered with reservation. A slight peak 
before aspartic acid in the position of emergence of methionine 
oxides (12) appeared in Preparation II after 24 hours of hy- 
drolysis, as did questionable traces in other hydrolysates, al- 
though thiodiglycol was used as an antioxidant. Furthermore, 
the discrepancies occurring in several instances in the base line 
blanks before methionine and after leucine were large in relation 
to small integration values for methionine. Because of this, 
blanks for methionine were uniformly selected from the area 
immediately preceding methionine on the chromatogram. 

Both Preparations I and II showed slightly increased yields 
of glycine, aspartic acid, and valine with increasing time of 
hydrolysis, although the differences were not greater than those 
commonly obtained between duplicate analyses. <A calculation 
of the correlation coefficients for these three amino acids indicates 
that the increasing trends, although slight, are significant only 
for aspartic acid (r = 0.91, P < 0.01) and valine (r = 0.79, P < 


0.05). 


aspartic acid and valine, respectively, and therefore the over-all 
average was used. 


Two other amino acids, alanine and tyrosine, appeared to in-- 


crease slightly between 24 and 48 hours and to decrease a little ; 
thereafter. If only the results of the 48-hour hydrolysates are 
used, the calculated concentrations would be 1.9 and 0.9 per | 
cent higher, respectively, than the averages of the 6 values given. 
in Table I. Although glutamic acid gave somewhat erratic re- 
sults, the values were averaged as indicated. | 
The degree of decomposition with increasing time of hydrolysis | 
was extensive in only three cases, namely, tryptophan, serine, 
and threonine. The destruction of tryptophan was almost 
complete. Losses of serine and threonine were considerably 
greater than has been shown for other proteins (12, 16, 22); 
losses averaged 16 per cent decrease for threonine and 38 per 
cent for serine between 24 and 72 hours of hydrolysis. This may 
be due to the slightly higher temperature of hydrolysis used here 
(113°), or to a possible catalytic action of the metals present i 
B. subtilis amylase (1, 4). The decrease for both amino acids 
was linear with time (Fig. 3). The concentrations of serine and 
threonine were calculated by averaging the values extrapolated 
to zero time by the method of least squares. Identical values 
were obtained for threonine in both protein preparations. In 
contrast, the value for serine was 9 per cent higher in Preparation 
II than in Preparation I. As will be seen below, this discrepancy 
amounts to a difference of 2 serine residues out of approximately 


However, omission of the 24-hour values would lead to | 
amino acid concentrations only 0.8 and 0.7 per cent higher for 
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TaBLE II 
Composition and molecular weight of B. subtilis a-amylase 
iil Amino acid ” Calculated No. of | Assumed No. of 
gm. gm. tsz 
ee ere reer ee 14.49 12.53 9.55 918 53.0 + 0.95 53 48 ,678 
5.59 4.74 4.11 2,133 22.82 23 49 ,067 
5.21 4.32 4.35 2,018 24.12 24 48 ,428 
12.94 11.36 7.71 1,137 42.81 + 1.89 43 48,891 
3.37 2.85 2.57 3,413 14.26 + 0.47 14 47 ,780 
6.01 4.56 7.00 1,251 38.92 + 0.98 39 48,778 
5.29 4.21 5.20 1,687 28.85 + 0.69 29 48 ,923 
6.14 5.19 4.59 1,910 25.48 + 0.50 25 47 , 760 
ET eee ee 1.47 1.30 0.87 10,124 4.81 + 0.28 5 50 ,621 
SESE A Tee 4.55 3.93 3.01 2,883 16.89 + 0.43 17 49 ,004 
6.10 5.27 4.08 2,148 22.66 + 0.45 23 49,410 
9.05 8.15 4.38 2,002 24.31 + 0.35 24 48 ,050 
Phenylalanine.............. 6.01 5.35 3.19 2,751 17.69 + 0.43 18 49,516 
etl og elias 3.90 3.45 6.80 3,976 12.24 + 0.28 12 48 ,662 
7.42 6.50 8.89 1,972 24.68 + 0.25 25 49 ,298 
6.09 5.45 12.26 2,861 17.01 + 0.43 17 48 ,634 
RRR aay ee 6.22 5.68 5.35 3,279 14.84 + 1.18 15 48,186 
1.74 | 1.642 8.97 49.70 
Mean molecular weight = 48,805; sz = 170; tse = 360 (+0.74 per cent). 
* (Molecular weight of amino acid residues X 100)/per cent of amino acid residue in protein. 
7 48,675/minimal molecular weight. 
t The nearest integral number to the calculated number of residues. 
§ Minimal molecular weight X the nearest integral number of residues. 
* Average of 2 values obtained by extrapolation to zero time of hydrolysis. The quantity ts; was not determined for serine and 
threonine. 
| Caleulated from values given in Table III. 
* Not included in the total. 
30 30 
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Fic. 1. Elution curve for a 48-hour hydrolysate of B. subtilis a-amylase purified in the presence of DFP. The amino acids 
were separated on a 0.9 X 100-cm. column of Dowex 50-X8. Optical density at 570 my after treatment with ninhydrin is plotted on 


the ordinate, without correction for base line absorption. The dashed curve for proline gives optical density at 490 my according to 
the method of Chinard. The numbers of 1-ml. fractions eluted are plotted on the abcissa. The amount of hydrolysate placed on the 
column corresponds to 4.55 mg. of protein. Contractions used are: Asp, aspartic acid; Thr, threonine; Ser, serine; Glu, glutamic acid; 
Pro, proline; Gly, glycine; Ala, alanine; Val, valine; Met, methionine; lleu, isoleucine; Leu, leucine; Tyr, tyrosine; Phe, phenyl- 


alanine. 


244 present in the enzyme molecule, but it is doubtful that this 
variation results from a limited proteolytic attack sustained by 
the protein purified without DFP. 

Determination of Cysteic Acid in Hydrolysates of Performic 


Acid-Oxidized Protein—Determination of half-cystine isolated 
as cysteic acid from hydrolysates of oxidized a-chymotrypsinogen 


was performed by means of high voltage paper electrophoresis. 


A value of 9.15 + 0.25 (s; = 0.098) half-cystine residues per 


uge, 
} 
‘sis 
ne, | 
ost | 
bly 
per | 
1ay 
ere | 
in | 
‘ids 
ind | 
ed | 
ues 
In 
ion | 
Tay 
aly | 


G14 

< LYS 

HIS 

1 

| ARG 
Q 

S 6 | 


30 50 70 90 tO 130 150 170 190 
——pH 6.8, phosphate—>'<« pH 6.5, citrate 


Fia. 2. Elution curve for the basic amino acids and ammonia 
in a 48-hour hydrolysate of B. subtilis a-amylase, separated on a 
0.9 X 15-cm. column of Dowex 50-X8. Optical density at 570 
my in the ninhydrin reaction is plotted on the ordinate for each 
1-m]l. effluent fraction, without base line correction. Hydrolysate 
from 4.55 mg. of protein was put on the column. Contractions 
used are: His, histidine; Lys, lysine; Arg, arginine. 


THREONINE 


THREONINE (1) 


GM AMINO ACID PER 100 GM PROTEIN 


4.0- 
SERINE (0) 
SERINE (1) 
2.54 
24 48 72 
HOURS OF HYDROLYSIS 
Fic. 3. Decomposition of serine, O——O, and threonine, 


@——@, as a function of time of hydrolysis of amylase Prepara- 
tions I (without DFP) and II (with DFP). The straight lines 
represent the best fit to the data according to the method of least 
squares. 


mole of protein (molecular weight 25,100) was found by averaging 
the results from six aliquot paper electrophoretic determinations. 
This result, when corrected upward for 10 per cent losses oc- 
curring during the treatment of the protein (12, 18), gives a 
value of 10.06 half-cystine residues per mole. Wilcox et al. (12), 
using column chromatography, showed that a-chymotrypsinogen 
contains 10 half-cystine residues per mole. 

In the analysis for half-cystine in B. subtilis amylase, aliquots 
of the oxidized protein hydrolysate were applied to paper elec- 
trophoretograms in amounts corresponding to 0.1 umole of 
cysteic acid, if a single half-cystine residue were present in the 
amylase molecule of moleculer weight 48,700 (1). No significant 
ninhydrin-staining material could be detected in the region of 
cysteic acid, a finding which indicates that B. subtilis amylase is 
void of free sulfhydryl groups or disulfide linkages. This result 
is in agreement with that reported by Akabori et al. (5). 

Spectrophotometric Determination of Tryptophan and Tyrosine— 
The determination of tryptophan and tyrosine, performed by 
the method of Goodwin and Morton (8), yielded the results 
reported in Table III. It is of interest that the average of 
the 4 values obtained for tyrosine is 3.2 per cent lower when 
corrected for spurious absorptions, and 3.5 per cent higher 
when uncorrected, than the value obtained by chromatographic 
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analysis (Table Il). The slightly greater inconsistency of th 
corrected than the uncorrected values, as indicated by th 
greater standard deviation of the mean for both tyrosine a 
tryptophan,’ indicates that the exact extent of the correction | 
should be considered with reservation. However, the correction; 
are not large (5 to 6 per cent), and the corrected value for tryp. 
tophan was used in the calculation of the data given in Table 
II. An indication of the reliability of the spectrophotometri: 
determination is to be found in the good agreement of the 
tyrosine values obtained by this method and by chromato. 
graphic analysis. 

General Observations—The total recovery of amino acids and 


ammonia results in a slightly high value for the total nitrogen 
and accounts for 95 per cent of the weight of B. subtilis amylase, 
excluding ammonia. The somewhat low recovery in weight is 
probably attributable to small errors inherent in the integration 
of the areas under the peaks of a number of amino acids, caused 
primarily by variations in the base line. The weight recovery 
of eight amino acids (aspartic acid, glutamic acid, leucine, phen. 
ylalanine, histidine, lysine, tryptophan, and half-cystine) agrees 
within 0 to 5 per cent with the results obtained by Akabori et al. 
(5) who used only 24 hours of hydrolysis at a lower temperature 
(100°). In the present study higher values were obtained for 
valine and isoleucine, probably because these amino acids may 
not have been completely liberated under the milder conditions 
of hydrolysis mentioned above. On the other hand, the lower 
values found here for serine and threonine might result from an 
increased destruction at our higher temperature of hydrolysis 
(17, 22), although correction by linear extrapolation to zero time 
was made. Using a starch column, Akabori et al. (5) found 23 
per cent more proline than was obtained in this work by the 
Chinard method. 

Number of Amino Acid Residues in Amylase Molecule—The 
molecular weight of the monomer form of B. subtilis a-amylas 
has been determined by physico-chemical methods in this lab- 
oratory (1). A value of 48,700 was derived from measurements 
of sedimentation velocity, diffusion constant, and partial specific 
volume. This value was used for the calculation of the number 
of amino acid residues present in the amylase molecule, in) 


TaBLeE III 

Tvrosine and tryptophan content of B. subtilis a-amylase 
The results, obtained by spectrophotometric analysis, represent | 
the mean values calculated from the intensities of absorption (a) | 
at 295 mu and (b) at each of four other wave lengths, 275, 280, 2% 
and 290 mz. 


| Tyrosine Tryptophan 
No. of he of | 
Amino acid residues per | 4 ino acid per {resi 
per of 100 gm. of molecula | 
protein weight = protein weight = 
48,675 48,675 
gm. gm. 
Uncorrected for 9.37 + 0.31*| 25.18 (6.54 + 0.34* 15.60 
spurious ab- (sz = 0.10) (se = 0.11) 
sorption 
Corrected for 8.76 + 0.44*) 23.53 6.22 + 0.49%) 14.8 
spurious ab- (sz = 0.14) (se = 0.15) 
sorption | 
* Represents the value tsz as defined in the text. | 
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combination with the minimal molecular weights determined for 
each amino acid from the analytical data (24, 25). 

An integral number of residues lying within the limits of error 
calculated from the standard deviation of the mean was found 
for 15 amino acids. As can be seen in Table II, only for five 
amino acids (aspartic acid, glutamic acid, glycine, valine, and 
tryptophan) is there more than one possible integer lying within 
the limits of error. For valine, the deviation from an integral 
number of residues is large. This may be explained, however, 
by the slight trend established from the correlation coefficient, 
which could lead to one more possible residue per molecule for 
both valine and aspartic acid. If the 24-hour values are omitted, 
as discussed previously, the calculated number of residues would 
be equal to 25.65 + 0.64 for valine and 53.42 + 1.22 for aspartic 
acid. In the case of tyrosine and alanine, if one considers only 
the 48-hour values, the results would give 1 more possible residue 
for tyrosine and 4 more for alanine within the limits of error. 
However, the integer given for alanine in Table II would still 
be the most probable one. ‘The possibility of considerable 
external bias for proline and methionine has been discussed 
previously. For the six remaining amino acids (isoleucine, leu- 
cine, phenylalanine, histidine, lysine, and arginine), only 1 
possible integer lies exactly within the calculated limits of error. 
Therefore, the probability that the correct integer has been 
chosen for these six amino acids is greater than 0.95, assuming 
that there is no external or internal bias. 

The calculated molecular weights derived for each amino acid 
from the most probable integer, listed in Table II, indicate that 
the data obtained by chemical analysis do not conflict to any 
significant extent with the molecular weight obtained by physico- 
chemical measurements. From an average of the molecular 
weights calculated from all 17 amino acids, a value of 48,805 
was found for the mean molecular weight of B. subtilis amylase. 
It appears very unlikely that the molecules corresponding to 


this size are constituted of identical subunits, since no common 
denominator exists for the assumed numbers of residues obtained 
for each amino acid present in the amylase molecule.’ 


SUMMARY 


The amino acid composition of six hydrolysates of a-amylase 
(recrystallized several times) from Bacillus subtilis has been de- 
termined by chromatography on columns of Dowex 50-X8. No 
consistent variation in the amount of the various amino acids 
in the acid hydrolysates could be detected over periods of 24, 
48, and 72 hours of hydrolysis, except for tryptophan, serine, 
and threonine. An assessment of the extent of variation has 
been made by determination of a 95 per cent confidence interval 
from the standard deviation of the mean. 

Separate determinations have been made for tyrosine and 
tryptophan by spectrophotometric analysis. The absence of 
sulfhydryl groups and of disulfide linkages has been confirmed 
by analysis for cysteic acid in the hydrolysates, obtained from 
performic acid-oxidized protein samples, with the use of high 
voltage paper electrophoresis. The analyses indicate that the 
B. subtilis a-amylase molecule (molecular weight 48,700) is con- 
stituted of the following 406 amino acid residues: Asp;3 Thro3 
Sero4 Glug Gly39 Alaog Valos Met; Tyros Phe;s 
Hisi2 Lyses Argiz Tryis. 

With the possible exception of a discrepancy in the value for 
serine, no significant differences could be detected between a 
protein sample that had been purified according to conventional 
procedures and one that had been prepared in the presence of 
diisopropylphosphorofluoridate. 
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The chemical structure of the protein moieties of human soluble 
plasma lipoproteins has been recently investigated by a number 
of workers (1-7). It is now established that the N-terminal 
(1-4) and C-terminal (2) amino acid residues of the high density 
lipoproteins of density 1.063 to 1.21 and the low density lipo- 
proteins of density 1.019 to 1.063 are different. It has also been 
shown that at least two other proteins with different N-terminal 
residues are present in lipoproteins of density <1.019 and in 
lymph chylomicrons (2, 3). The present communication de- 
scribes more detailed analyses of the proteins associated with 
lymph chylomicrons in the dog and in man. The chylomicron 
proteins have been separated into two major components, one 
of which has been identified as the high density lipoprotein. 


EXPERIMENTAL 
Materials 


Human and dog albumin was kindly supplied by Dr. Harry 
Saroff. Trypsin (Lot No. M 68009-salt free) and chymotrypsin 
(Lot No. 283-salt free) were obtained from Armour’s Research 
Division. 

Human plasma utilized in these experiments was obtained 
either from individual patients or from pooled blood bank sam- 
ples. Human lymph was obtained from two patients with 
chylothorax resulting, in one case, from Hodgkin’s disease, and 
from surgical trauma in the other. 

Dog plasma was obtained from individual mongrel dogs and 
dog lymph was obtained by thoracic duct cannulation from dogs 
fed heavy cream. 


Methods 


Isolation of Plasma Lipoproteins and Lymph Chylomicrons— 
High (HDL)! and low density (LDL) lipoprotein fractions were 
isolated from human and dog plasma in the preparative ultra- 
centrifuge according to the method of Havel et al. (8). The HDL 
fractions were then washed by layering the concentrated lipo- 
proteins under a solution of sodium chloride-potassium bromide 
at density 1.21 and centrifuging for 24 hours at 118,000 x g in 
the Spinco 40.3 rotor at 18°. This minimized contamination by 
albumin. 

Isolation and Purtfication of Dog and Human Lymph Chylo- 
microns—The lymph was allowed to clot at room temperature. 


1The abbreviations used are: HDL, lipoproteins of density 
1.063 to 1.21; LDL, lipoproteins of density 1.019 to 1.063, as iso- 
lated by the preparative ultracentrifuge method of Havel et al. 
(8); DNP, dinitrophenyl. 


The clot was removed by straining through cheesecloth and the 
lymph layered under 0.9 per cent sodium chloride in Spinco 
Lusteroid No. 30 rotor tubes and centrifuged at 78,000 x g for 
20 minutes at 4°. After the clear infranatant was aspirated, 
the packed fat layer at the top of the tube was removed with a 
spatula and added to 3 volumes of 30 per cent sucrose. The 
chylomicrons were re-emulsified by repeated extrusion through 
a 24-gauge needle. The finely dispersed particles were then 
layered under 0.05 m phosphate buffer, pH 7.0, and centrifuged 
at 78,000 x g for 20 minutes. This process of collecting, re- 
emulsifying, and centrifuging was repeated from two to eight 
times. After three washes, the protein content remained con- 
stant at about | per cent in dog chylomicrons and 0.5 per cent in 
human chylomicrons. Proteins were determined by the method 
of Lowry et al. (9). Chylomicrons isolated from dog lymph by 
centrifugation at 9500 xX g for 10 minutes, as suggested by Lind- 
gren et al. (10), had the same protein content as chylomicrons 
isolated under the conditions described above. 

Removal of Lipides from Chylomicrons and Soluble Lipopro- 
teins—After the final washing, the packed chylomicrons were 


removed with a spatula and added to 30 volumes of chloro- | 


form-methanol (2:1) at room temperature. After 2 hours, the 
flocculated proteins were packed by centrifugation and re-ex- 
tracted at room temperature with 10 volumes of ethanol-acetone 
(1:1). This was followed by two washes with acetone and two 
washes with diethyl ether. The HDL and LDL fractions were 
dialyzed for 24 hours against two changes of distilled water and 
freed of lipides by forcing the solutions through a fine needle into 
50 volumes of ethanol-acetone (1:1). After standing at room 
temperature for 3 to 5 hours, the flocculated proteins were packed 
by centrifugation and washed twice with absolute ethanol, twice 
with acetone, and finally with ether. The protein residues were 
dried in a desiccator over CaCle. The proteins could be stored 
in the dried state for months without alteration in their solubility 
properties. The HDL and chylomicron protein residues were 
analyzed for lipide phosphorus (11), and none was detected. 
Paper Electrophoresis—Electrophoretic separation of proteins 
freed of lipides was carried out in either 6 M urea or Veronal 
buffer. For separation in 6 M urea, a hanging strip technique, 
utilizing a sealed tank maintained at 5°, was employed. Each 
electrode was immersed in a reservoir containing 2 |. of 6 M urea 
in 0.05 m Veronal, pH 8.5. The proteins were dissolved in 6 
urea and placed on 2.5 X 450-cm. paper strips. Then 500 volts 
were applied for 18 hours. Electrophoretic separation of the 


proteins in the absence of urea was carried out in 0.05 M Veronal | 
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at pH 8.5 in a Spinco-Durrum electrophoretic apparatus. The 
proteins, dissolved in 6 M urea, were placed on the paper and a 
200-volt potential applied for 18 hours at 5°. After electro- 
phoresis, proteins were detected by staining with bromphenol 
blue. Before the urea-impregnated papers were stained, the 
urea was removed by extraction with boiling methanol. When 
it was desired to recover proteins from the paper, the moist 
strips were sectioned according to the stained areas on appro- 
priate control papers and extracted with 10 to 15 ml. of 6 m 
urea for 16 hours at 5°. The eluates were dialyzed against 
distilled water and lyophilized. 

N-terminal Amino Acid Analyses—N-terminal analyses of the 
protein of chylomicrons and soluble lipoproteins were carried out 
with a modification of the dinitrofluorobenzene technique de- 
scribed in detail by Porter (12). When possible, 10 to 15 mg. of 
protein were used for analysis. The DNP-proteins were pre- 
pared by shaking | volume of a suspension of the proteins in 1.5 
per cent sodium bicarbonate and 2 volumes of 0.2 m dinitrofluoro- 
benzene in acetone for 4 hours at room temperature. After 
acidification to pH 2 with dilute HCl, the precipitated proteins 
were washed with acetone, then ether, and dried in a desiccator. 
Hydrolysis of the DNP-proteins was carried out with constant 
boiling HCl for 16 hours in a sealed tube at 105°. The DNP- 
amino acids were chromatographed and measured quantitatively 
according to the procedure of Levy (13). The chromatographic 
procedure of Blackburn and Lowther (14) was used for final 
identification of the DNP-amino acids. 

Proteolysis of Proteins Freed of Lipides and Chromatography of 
Resultant Peptides—A modification of the “fingerprinting”’ tech- 
nique as described by Ingram (15) was used to characterize the 
proteins from plasma lipoproteins and chylomicrons.? In order 
to obtain satisfactory chromatograms, it was found necessary to 
remove as much inorganic salt as possible by thorough dialysis 
of the lipoprotein before removal of lipides. Procedures for the 
removal of lipides were applied to albumin in the same manner 
described for the lipoproteins. 

For each mg. of dried protein 0.1 ml. of 6 M urea containing 
0.3m (NH,4)2CO;, pH 8.4, was added at 5°. The resultant solu- 
tion was diluted with, distilled water to a urea concentration of 
2m. The LDL proteins failed to dissolve in urea and were 
digested as a suspension in 2 M urea. A solution (10 ul.) of tryp- 
sin (2.5 mg. per ml.) was added and the final mixture was incu- 
bated for 1.5 hours at 25°. Subsequently, 10 ul. of a chymo- 
trypsin solution (1.25 mg. per ml.) were added and the mixture 
further incubated for 1.5 hours. The digest was placed on an 
0.8 x 5-em. Dowex 50 column (100 mesh, H+ form). After the 
sample was applied, 100 ml. of distilled water were passed through 
the column in order to remove all traces of urea. The peptides 
were eluted into small pear-shaped flasks with at least 2 ml. of 
4m NH,OH. The eluate was lyophilized and the residue dis- 
solved in 20 yl. of water per mg. of protein digested. Near the 
bottom left hand corner of a full sheet of Whatman No. 3 paper 
were spotted 20 to 40 yl. of solution. The peptides were chro- 
matographed in the first dimension in freshly prepared butanol- 
acetic acid-water (4:1:5) for approximately 18 hours in a chro- 
matographic chamber previously equilibrated with the aqueous 
phase of the solvent system. The papers were thoroughly dried 
at room temperature and prepared for electrophoresis in the 


?The authors wish to express their appreciation to Drs. A. 
Katz, W. D. Dreyer, and C. B. Anfinsen for the release of their 
modification of Ingram’s method before publication. 
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second dimension. The papers were wetted on both sides of the 
new origin with buffer containing acetic acid-pyridine-water 
(10:1:289), pH 3.7, with care taken that the solvent coalesced 
along the line of the origin just before the papers were placed in 
the electrophoretic chamber. An apparatus was used similar 
to that described by Michl (16) and contained toluene and the 
acetic acid-pyridine-water buffer at pH 3.7. The papers were 
placed in the chamber with the edge nearest the new line of origin 
dipping into the cathode compartment. Then 2000 volts were 
applied for 50 minutes. The papers were subsequently dried 
and developed by dipping them into 0.5 per cent ninhydrin in 
methanol, and heating at 80° for 10 minutes. Fading of the 
peptide spots was prevented by storing the papers at —15°. 


RESULTS 


N-terminal Analyses of Proteins of Dog Lipoproteins—In Table 
I are presented the results of the N-terminal analyses of proteins 
isolated from dog plasma lipoproteins and lymph chylomicrons. 
Insufficient material was obtained for analysis of dog plasma lipo- 
proteins of density less than 1.006. Also summarized in Table I 
are the available published results of N-terminal analyses of the 
proteins of human plasma lipoproteins and lymph chylomicrons. 


TABLE I 
Comparison of N-terminal amino acid analyses of proteins freed 
of lipides of chylomicrons and plasma lipoproteins 
from man and dog 


N-terminal amino acids 
Lipoprotein fractions Man 
Dog 
Principal Minor 
components componentst 
pmoles/gm. 
protein* 
Lymph chylomicrons...| Aspartic, | Aspartic, Threonine 
6.1 serine (3)f 
Glutamic, 
3.0 
Plasma chylomicrons... Serine, Aspartie (3) 
threonine 
Soluble lipoproteins, 
density <1.006....... Serine, Aspartic, 
threonine glutamic, 
threo- 
nine§ (2, 
3) 
Density 1.019-1.063 
Glutamic, | Glutamic Threonine, 
5.5 serine 
(1-4) 
Density 1.063-1.21 
Aspartic, | Aspartic Serine, 
22.5 threonine 
(1-4) 


* Recovery values of DNP-amino acids were those of Porter 
(17). 

+t Refers to N-terminal amino acids which were found to be less 
than 25 per cent of the moles of N-terminal amino acids recovered 
per unit of protein analyzed. 

t Numbers in parentheses indicate bibliographical references. 

§ Shore (2) found threonine to be a minor component, in con- 
trast to the larger amounts reported by Rodbell (3). 
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PAPER ELECTROPHORESIS OF LIPID FREE PROTEIN FROM HIGH DENSITY 
(1063¢p<121) LIPOPROTEIN AND CHYLOMICRONS 


DOG HUMAN 


HIGH DENSITY HIGH DENSITY 
CHYLOMICRONS LIPOPROTEIN CHYLOMICRON LIPOPROTEIN 


origin 


+ + + + 


Fic. 1. Schematic drawing of paper electrophoretic patterns. 
Electrophoresis was carried out in 6 M urea containing 0.05 Mm 
Veronal, pH 8.5, as described under ‘‘Methods.’’ Dark areas 
represent proteins stained with bromphenol blue. 


The predominant N-terminal amino acids in the HDL and LDL 
fractions appear to be identical for both dogs and man. Only 
one \-terminal amino acid was detected in these fractions of dog 
plasma, in contrast to the finding of several N-terminal amino 
acids in these same fractions obtained from human plasma. 
Both dog and human lymph chylomicron proteins contained an 
N-terminal aspartic acid residue. In addition, an N-terminal 
glutamic acid residue and an N-terminal serine residue were 
found in the proteins of dog and human chylomicrons, respec- 
tively. 

Electrophoresis of Chylomicron Proteins and HDL Proteins— 
Further characterization of the dog and human chylomicron pro- 
teins necessitated the development of methods for dissolving and 
separating these proteins. Chylomicron and HDL proteins were 
found to dissolve completely in 6 M urea, permitting their separa- 
tion by electrophoresis. The results of electrophoresis in 6 M 
urea are presented in Fig. 1. Three principal protein bands were 
obtained from chylomicrons from both species. These are arbi- 
trarily designated A, B, and C. Both the dog and human A 
proteins had the same electrophoretic mobility as the HDL pro- 
tein from that particular species. All four proteins also con- 
tained N-terminal aspartic acid. 

The B proteins of human and dog chylomicrons were found to 
contain N-terminal serine and \-terminal glutamic acid, respec- 
tively. In the chylomicron proteins from both species, a third 
protein, C, was detected by staining, but was present in a con- 
centration too low for N-terminal analysis. Since N-terminal 
aspartic acid and serine have been shown to be associated with 
the A and B proteins, respectively, the C-band may well repre- 
sent the protein containing \-terminal threonine in human chylo- 
microns (3). 

When the chylomicron and HDL proteins from the dog and 
from man were subjected to electrophoresis in 0.05 mM Veronal, 
pH 8.5, in the absence of urea, the A protein band and the HDL 
proteins again had the same mobility. The B and C proteins, 
moreover, remained at the origin and could not be extracted with 
6 M urea. 

These results suggested that, in both man and dogs, the HDL 
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and chylomicron A proteins are identical. Both human and dog 
albumin were found to have a much greater mobility than the 
chylomicron proteins, indicating that albumin did not represent 
the A or HDL proteins. | 

Differentiation of Chylomicron Proteins by Their Solubility Be- 
havior in Veronal Buffer—It was found that the A protein could 
be separated from the B and C proteins by extraction of the 
original mixture of chylomicron proteins with Veronal buffer, 
Dog chylomicron proteins (50 mg.) were extracted twice with 1- 
m!. portions of 0.05 m Veronal buffer, pH 8.5. Approximately 
60 per cent of the proteins were dissolved, and further extraction 
failed to dissolve the remaining protein. Similar results were 
obtained with the human chylomicron proteins. Dog and hv- 
man HDL proteins dissolved completely in 0.05 m Veronal, pH 
8.5, to the extent of 15 mg. per ml. of dog HDL and 10 mg. per 
ml. of human HDL. In some preparations of HDL protein from 
man, it was necessary first to dissolve the proteins in 6 M urea 
and subsequently remove the urea by dialysis. Although N- 
terminal aspartic acid predominated, small amounts of N-termi- 
nal serine were detected in the Veronal-soluble human chylomi- 
cron proteins. Only N-terminal aspartic acid, however, could 
be detected in the Veronal-soluble proteins extracted from dog 
chylomicrons. The solubility properties of the HDL proteins 
in dilute aqueous buffers observed here are comparable to those 
found by Avigan (6) and Scanu et al. (5) for HDL proteins which 
had been partially freed of lipides by extracting the lipoproteins 
with ether and ethanol at low temperatures. 

The Veronal-insoluble protein from human chylomicrons con- 
tained N-terminal serine and that from dog chylomicrons, N- 
terminal glutamic acid. No N-terminal threonine was detected 
in the quantity of protein analyzed. In each case, 20 to 25 per 
cent of the insoluble proteins contained N-terminal aspartic 
acid. Peculiarly, the Veronal-insoluble residues also would no 
longer dissolve in 6 M urea. 
was due to the interaction of the B and A proteins in the Veronal 
to form a complex inaccessible to urea. 


The LDL proteins from both species were not soluble in 6 | 
urea and could not be compared electrophoretically with the — 


chylomicron A and B proteins. 

Identification of A, B, and HDL Proteins by ‘Fingerprinting’ 
Technique—The solubility and electrophoretic behavior of the 
HDL and chylomicron A proteins suggested that they were 
identical. This was established more rigorously by the applica- 
tion of the “fingerprint”? technique noted under ‘‘Methods.” 
Fig. 2 represents the results obtained from the application of this 
technique to A, B, and HDL proteins of the dog. The same 
results were obtained from A and B proteins separated by both 
paper electrophoresis and Veronal extraction. Identical “‘finger- 
print”’ patterns were found for chylomicron A and HDL pro- 
teins. The dog chylomicron B protein had an entirely different 
pattern, consistent with the different electrophoretic behavior 
and solubility properties of this protein. In Fig. 3, similar re- 
sults are shown for the human chylomicron A and HDL pro- 
teins. Again, the B protein from human chylomicrons yielded 
a different peptide pattern, indicating that the (N-terminal 
serine) B protein is chemically different from the (N-terminal 
aspartic) A protein. The (N-terminal glutamic acid) LDL pro- 
tein isolated from both dog and human plasma gave an entirely 
different peptide pattern from the chylomicron A and B pro- 
teins. Approximately 150 peptides were obtained from the LDL 


protein in contrast to the 40 to 60 peptides obtained from the A 


It is possible that this phenomenon | 
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Fic. 2. Reproduction of “fingerprint” patterns obtained from dog HDL and chylomicron A and B proteins. ‘‘Fingerprinting”’ of 
dog chylomicron A protein was performed at a different time from the HDL and B proteins. Spots represent staining of peptides 
with ninhydrin. 


HUMAN 
HIGH DENSITY PROTEIN CHYLOMICRON A PROTEIN CHYLOMICRON B PROTEIN 


2000 VOLTS 
— PYRIDINE ACETIC ACID,pH 3.7——~> 


+ BUTANOL — ACETIC ACID — WATER 


Fic. 3. Reproduction of ‘fingerprint’? patterns obtained from human HDL and chylomicron A and B proteins. All three proteins 
Were “fingerprinted” simultaneously. Spots represent staining of peptides with ninhydrin. 
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and B proteins. These data appear to exclude the presence of 
the LDL protein in dog and human chylomicrons as had been 
suggested by the failure to find V-terminal glutamic acid in the 
human chylomicron proteins. The “fingerprint” patterns of dog 
and human albumin were also distinctly different from those in 
the A and B proteins of chylomicrons. Avigan and Anfinsen 
(7), with a modification of the “fingerprint” technique, have 
shown that different peptide patterns are obtained after digesting 
human albumin and HDL proteins with subtilisin. 


DISCUSSION 


It has been known for several vears that chylomicrons con- 
tain small amounts of protein (18-20). The present studies re- 
veal that these chylomicron proteins are two or three in number, 
specific in nature, and related in an interesting manner to the 
protein portions of the soluble lipoproteins of plasma. The 
finding of the HDL protein in chylomicrons is supported by 
Swank and Fellman (20) who have observed that a protein having 
the mobility of an a)-globulin can be isolated from chylomicrons 
which have been partially freed of lipides with ether or chloro- 
form. Their data also indicated the presence of two additional 
proteins which were not characterized. 

There would appear to be two possible explanations for the 
presence of the HDL protein in chylomicrons. One is that this 
protein is merely attracted to triglvceride emulsions by virtue of 
an unusual affinity for lipide, and serves no functional purpose. 
In this regard, it is of interest that the LDL protein, which also 
has a high affinity for lipide, including triglyceride, is not found 
in the chylomicron proteins. This supports the alternate hy- 
pothesis that the HDL protein has a specific function in chylo- 
micron structure or metabolism. This protein may be neces- 
sary, for example, for stabilization of chylomicrons and may also 
“activate” the triglycerides for hvdrolvsis catalyzed by the en- 
zyme lipoprotein lipase. High density lipoprotein has already 
been shown so to “activate”? synthetic triglvceride emulsions 
(22). Therefore, not only is the HDL protein associated with 
the high density lipoproteins which carry most of the lipide 
present in the postabsorptive state in most mammals (23), but 
it may facilitate the transport of practically all of the exogenous 
fatty acids from the intestine to the tissues as triglycerides in 
chylomicrons. 
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In addition to HDL (or A) protein, another protein, designated 
here as B, is present in chylomicrons. It is very possible that 
this B protein, which contains V-terminal serine in human chy- 
lomicrons, is the same protein containing N-terminal serine 
which predominates in the low density lipoproteins with flotation 
rates greater than about s,; 20, and is present im lesser concentra- 
tions throughout the full density ‘‘spectrum” of the human 
plasma lipoproteins (3). This protein, both in the dog and in 
man, appears to be different from the protein containing N- 
terminal glutamic acid (LDL) isolated with the low density lipo 
proteins of flotation rates of about s; 0 to 20. Thus, the B pro- 
tein may represent a third major lipoprotein species, in addition 
to those species already known to contain proteins with \-ter- 
minal aspartic acid (HDL) and V-terminal glutamic acid (LDL) 
(1-5). The presence of the B protein in the chylomicrons and 
other triglyceride-rich lipoproteins may imply that this protein 
is involved in the transport of a large fraction of both endogenous 
and exogenous esterified fatty acids. Much additional work is 
needed to define better the lipoprotein interrelationships sug- 
gested by the present data, but it is obvious that the protein 
components of the chylomicrons cannot be ignored in formula- 
tion of any integrated scheme for lipoprotein metabolism. —Stud- 
ies on the possible origin of the chylomicron A and B proteins in 
the dog are described in another paper (24). 


SUMMARY 


It has been found that three proteins are associated with both 
dog and human chylomicrons. In both species, one of these 
proteins has been shown to have the same .V-terminal amino acid, 
paper electrophoretic mobility, and “fingerprint”’ pattern as does 
the major protein found in the density 1.063 to 1.21 plasma lipo- 
proteins. Another protein associated with the chylomicrons has 
been described which is probably identical to a protein found 
throughout the density spectrum of human plasma lipoproteins. 

It is suggested from the results that these proteins may playa 
fundamental role in the transport and metabolism of exogenous 
triglycerides. 


Acknowledgment—The authors wish to express their apprecia- 
tion to Dr. Arnold Katz for his helpful assistance in the “‘finger- 
print” experiments. 
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It has been amply demonstrated that the chylomicron is a 
particulate complex of triglyceride, cholesterol ester, phospho- 
lipide, and protein (1-4) and is the form in which most of the 
exogenous triglyceride (5) and cholesterol (6, 7) is transported 
from the intestinal tract to the tissues via the lymph and blood. 
Although the metabolism of the triglyceride moiety of the chylo- 
microns has been studied by a number of investigators (8), little 
attention has been focused upon the protein component. 

In a previous paper (9) we have reported that three proteins, 
designated A, B, and C, are associated with lymph chylomicrons 
isolated from both man and dogs. In both species, the A pro- 
teins and the 1.063 to 1.21 density lipoproteins in lymph and 
plasma have been shown to have identical chemical properties. 
In man, the B protein contains an .V-terminal serine residue as 
does the major protein found in the soluble plasma lipoproteins 
of density <1.006. The relatively constant amount of protein 
in the chylomicrons (4), the specificity of these proteins, and 
their apparent relationship to the soluble plasma lipoproteins 
suggest that they may have an important function in the ab- 
sorption, transport, and the ultimate metabolism of the lipide 
moiety of the chylomicrons. In the present paper we report 
further studies of the chylomicron proteins, with particular refer- 
ence to their possible sites of synthesis and their fate during the 
removal of the chylomicrons from plasma in vivo. 


EXPERIMENTAL 


Materials and Methods—BaCOs was obtained from the Oak 
Ridge National Laboratories. Lymph chylomicrons and plasma 
and lymph HDL! were isolated by ultracentrifugation according 
to previously deseribed procedures (10). 

The method deseribed by Catch (11) was used for incorporating 
CO. into the proteins of a strain of Chlorella vulgaris gencrously 
supphed by Dr. Rodney A. Olson. The proteins were isolated 
from the Chlorella by allowing the cells to Ivse in SO per cent 
methanol at room temperature for 24 hours, at the end of which 
time all of the chlorophyll appeared to be in the methanol phase. 
The residue was extracted with 95 per cent ethanol-acetone (1:1) 
for 24 hours at room temperature. The buff colored residue was 
extracted with 3 volumes of hot 10 per cent trichloroacetic acid 
for 20 minutes, followed by two extractions with | per cent tri- 
chloroacetic acid at room temperature. After the protein residue 
had been washed with acetone and ether, it was dried in a desic- 
‘ator over P2O;5. Uniformly labeled amino acids were obtained 
by hydrolyzing the Chlorella proteins in 20 per cent HCL (about 


'The abbreviation used is: HDL, for lipoproteins of density 
1.063-1.21 as isolated by the procedure of Havel ef al. (10). 


1 gm. of proteim per |.) at 100° in a sealed tube for 5 days. The 
amino acids were concentrated on Dowex 50 (H* form) and eluted 
with 4m NH,OH. The eluate was lyophilized and the amino 
acids stored in the dry state. The amino acids and proteins had 
a final specific activity of approximately 0.3 me. per mmole of 
carbon. Proteolysis of the uniformly labeled Chlorella proteins 
was carried out by suspending 120 mg. of the protein in 5.0 ml. 
of 0.2 M phosphate at pH S.S and incubating the suspension at 
37° for 24 hours in the presence of 120 wg. of Pancreatin (Parke, 
Davis). Most of the protein went into solution after this treat- 
ment. 

The procedures used for removal of the lipide of the lipopro- 
teins and for the electrophoretic separation of the resultant pro- 
teins in 6 M urea, followed by elution and dialysis against distilled 
water, were previously described (9). In specific instances, pro- 
teins were ‘“‘fingerprinted” by a procedure involving proteolysis 
and a combination of chromatography and electrophoresis of the 
resultant peptides (9). 

The protein solutions were dried on copper planchets and 
counted at infinite thickness with a thin window Geiger-Miiller 
counter. Samples were counted to within a standard error of 
+2 per cent. 

Total protein was determined on separate aliquots by the 
method of Lowry et al. (12), and specific activities were expressed 
in ¢.p.m. per mg. of protein. 

Incorporation of C™-Amino Acids into Chylomicron Proteins in 
Vive—Two dogs, each approximately 15 kg. in weight, were used 
in these experiments. They were anaesthetized with sodium 
Pentothal 30 minutes after receiving 50 ml. of cream. <A poly- 
ethylene cannula was placed for a short distance (1 to 4 ¢m.) into 
the thoracic duct at its juncture with the left jugular bulb. Dog 
I was fed, 3 hours postoperatively, a mixture of 30 per cent cream 
and a pancreatic digest of Chlorella protein containing 5 me. of 
CC’) Lymph was subsequently collected at 30-minute intervals 
for a 6-hour period at a rate of approximately 1.5 ml. per minute. 
After the chylomicrons had been isolated from the lymph, 10 
mil. of the clear infranatant were used for isolation of the lymph 
HDL fraction. Blood samples were also taken at imtervals 
during the lvmph collection for isolation of the plasma HDL pro- 
tein. The plasma and lymph HDL fractions and the chylomi- 
crons were then freed from lipide and the proteins dissolved in 6 
Murea. Electrophoresis of the urea-soluble proteins was carried 
out in 6 M urea containing 0.05 M Veronal, pH. 8.5. Nonlabeled 
lymph chylomicron proteins and lymph and plasma HDL frae- 
tion previously isolated from the same dog were used as refer- 
ence proteins during the electrophoresis. 

The protein bands corresponding to the stained areas on the 
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reference strips were eluted, the eluates were dialyzed, and the | - 
specific activity of the proteins was determined. The specific | sp 
activities of the plasma and Ivmph HDL proteins and of the A on 
and B proteins of chylomicrons are presented in Fig. 1. A rapid N 
rise and fall in the specific activities of the A and B proteins were © 
observed. The chylomicron C protein, which is not shown, did ne In, 
not contain significant radioactivity until 2 hours after the ap- Lo 
pearance of the maximal activity in the A and B proteins. After = 5 — 
4 hours, the specific activity in the C protein reached 12,200 2 es 
O 
per mg. or approximately one-third of the maximum 
achieved by the A protein (Fig. 1). The HDL protein from = Or 
lymph (not shown) maintained essentially the specific 
activity as the A protein of the chylomicrons throughout. the a 
entire collection period. As shown in Fig. 1, the HDL protein | | ] 
isolated from the plasma, however, had only about one-tenth | ] 
the specific activity of the A protein in chylomicrons or the cor- —C) Ve 
responding HDL protein in lymph at their respective maxima! BUTANOL ACETIC ACID H,0 eens 
— 
specific activities. 
° ° “Ta Schematic re ay » pe ZOI 
An identical experiment was performed with Dog II except I 1G. 3. Sche matic represc ntation of the radioautograph of the or 
fingerprint’ pattern obtained from the chylomicron A_ protein 
that this animal was allowed to recover postoperatively for 24 lal are 
abeled in vivo. Solid dark spots contained both radioactivity 
hours, without food, before being fed 50.0 ml. of cream containing — and ninhydrin stain. Eneireled clear areas contained ninhydrin | F 
3 mec. of C™ in uniformly labeled protein. As shown in Fig. 2, | stain but no radioactivity. Cross-hatched areas contained radio- pe 
: 
the same rapid rise and fall of specifie activity in the chylomi-  2¢tivity but no ninhydrin stain. 
cron A and B proteins were found as in Dog I. In contrast to aves 
the first experiment, however, the B protein had a higher specific — into the peptides, labeled A protein (11,000 ¢.p.m. per mg.) ob- 
T 


activity than the A. The differences observed between the spe- — tained from the chylomicrons synthesized by Dog IT was ‘“‘finger- 
cific activities of the lymph HDL protein and the A protein are — printed.””) A reproduction of the radioautogram of the resulting | Tek 
probably within the limits of experimental error. The plasma ‘fingerprint’ pattern is presented in Fig. 3. At least 70 per cent | 
HDL protein was again lower in specific activity by several fold) of the ninhydrin-stained areas had detectable radioactivity. 
than the corresponding HDL protein in lymph and the A protein Some radioactive spots were obtained in areas not stained with 
in chylomicrons. The C protein in chylomicrons contained no — ninhydrin, and some of the ninhydrin-stained areas had no de- 
detectable activity during the brief collection period employed — tectable radioactivity. These discrepancies may be due to the 
in the second experiment. fact that the number of amino acid residues per mole of peptides 

“Fingerprinting” of Labeled A Protein and Radioautography of — would be inversely related to the intensity of the ninhydrin color 
Peptides—To be certain that the radioactivity found with the — but directly proportional to the radioactivity. Since most of the 
chylomicron ‘ protein represented incorporation of amino acids — radioactive spots, however, formed a pattern identical to the ~ 
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peptide pattern obtained from the A or HDL protein (9), it seems 
reasonable to conclude that the labeled amino acids were in- 
corporated into the A protein. Unfortunately, sufficient radio- 
active B protein was not available for similar analysis. 
Incorporation of Uniformly Labeled Amino Acids into Chylo- 
micron Protein in Vitro—Experiments were made to determine 
whether the intestinal mucosa was capable of incorporating C'- 
labeled amino acids into the chylomicron proteins in vitro. Two 
separate experiments were carried out in the following manner. 
Two-thirds of the small intestine were excised immediately 
post-mortem from dogs that had been fasted for 24 hours. The 
intestinal contents were removed with several washes of Krebs- 
Ringer bicarbonate buffer and the intestine was opened longi- 
tudinally. The mucosal cells were removed by scraping the 
intestine with the blunt side of a Stadie blade and they were 
washed onee with Krebs-Ringer bicarbonate buffer. Twelve 
and one-half grams (wet weight) of the cells were suspended in 
80 ml. of a medium containing 0.5 per cent glucose in 30 ml. of 
Krebs-Ringer-bicarbonate buffer and 50 ml. of unlabeled lactes- 
cent dog chyle. The mixture was placed in a vessel made of 
glass tubing (100 X 2.5 cm.) fitted at the bottom with a medium 
porosity sintered glass disk through which was passed 95 per 
cent Ox-5 per cent CO» at a rate vigorous enough to maintain 
effective mixing and adequate aeration of the suspended cells. 
After incubation for 3 hours at 37° in the presence of 400 uc. of 
uniformly labeled amino acids, the cells were removed by low 
speed centrifugation. The chylomicrons were then isolated by 
centrifugation, washed 3 times, and freed from lipides. A contro! 


TABLE I 


Incorporation in vitro of uniformly labeled amino acids into dog 
chylomicron proteins by intestinal mucosa 


Chylomicron proteins Specific activity 
c.p.m./mg 
Original total protein................. 276 
6M urea-soluble proteins.............. 1120 
Veronal-soluble protein................ 1500 


* As separated electrophoretically. Intermediate refers to the 
zone lying between the A and B zones on the paper strips. 


TABLE II 


Specific activities of 6 m urea-soluble proteins isolated from total 
soluble plasma lipoproteins after intravenous injection 
of labeled chylomicrons 


‘Specific activity 
Time after injection 
A protein B protein 
min O.D. 650 mp c.p.m./meg. 
2 .85 113 94 
3 1430 
.48 95 1770 
10 16 97 2140 
20 04 127 2640 
40 .O1 128 
60 .00 119 5500 
120 .00 92 4800 
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flask containing the radioactive amino acids, chyle, and buffer 
was also incubated under the same conditions. The “control” 
chylomicrons were isolated and treated in the same manner as 
the ‘‘experimental” chylomicrons. 

The protein isolated from the chylomicrons incubated with 
mucosal cells contained significant radioactivity, but none was 
present in the protein from the “control” chylomicrons. Five 
times as much protein was isolated from chylomicrons incubated 
with mucosal cells. Only 20 per cent of this protein, however, 
was soluble in 6 M urea, in contrast to the usual complete solu- 
bility of chylomicron protein in concentrated urea (9). The 
difference between the specific activities of the total protein and 
the urea-soluble protein (Table I) indicated that most of the 
radioactivity was associated with the urea-soluble protein. As 
is also indicated in Table I, the urea-soluble proteins were 
separated by electrophoresis into two peaks corresponding to 
the mobility of chylomicron A and B proteins, each of which 
contained radioactivity of comparable specific activity. 

Since it had been previously shown that the A, but not the B 
protein of chylomicrons could be dissolved in 0.05 m Veronal 
at pH 8.5 (9), a portion of the original chylomicron proteins was 
also extracted with Veronal. The specific activity of the 
Veronal-soluble protein was comparable to that of the electro- 
phoretically separated A protein. 

Behavior of Labeled Chylomicron Proteins after Intravenous 
Injectton—Labeled chylomicrons obtained from donor Dog I 
over several collection periods were pooled, washed, and sus- 
pended in 20 ml. of 0.9 per cent sodium chloride. The suspen- 
sion contained approximately 20 mg. of protein with a specific 
activity of 14,500 ¢.p.m. per mg. The chylomicron suspension 
was rapidly injected intravenously into a 7-kg. dog that had 
been lightly anaesthetized with sodium Pentothal. Blood 
samples were withdrawn at frequent intervals from a femoral 
artery catheter, and 5.0 ml. of plasma were layered immediately 
under 0.9 per cent sodium chloride in 40-rotor tubes and centri- 
fuged for 20 minutes at 36,000 r.p.m. in a Spinco ultracentrifuge 
at 5°. The chylomicrons were removed by slicing the tubes just 
below the packed layer of fat, and aliquots of the infranatant 
were brought to density of 1.21 with a NaCl-KBr solution and 
centrifuged in a Spinco 40.3 rotor for 22 hours at 39,000 r.p.m. 
at 5°. The tubes were sliced approximately 0.5 em. from the 
top, and the supernatant fluid containing all the plasma lipo- 
proteins was removed and dialyzed thoroughly against distilled 
water. The dialyzed lipoproteins were then freed of lipides and 
the proteins extracted with 6 Mm urea. The urea-soluble proteins 
were separated electrophoretically, and the areas on the papers 
corresponding to the stained areas on reference strips containing 
HDL and chylomicron proteins were cut out and eluted with 6 
mM urea. The eluted proteins were dialyzed against distilled 
water and their specific activities determined. The disappear- 
ance of the injected chylomicrons from the blood was measured 
by determining the optical density of the chylomicron fraction 
resuspended in saline solution. Less than 5 per cent of the light- 
scattering material remained in the plasma 20 minutes after 
injection (Table II). The specific activities of the proteins 


corresponding in electrophoretic mobility to the reference HDL 
or A protein and the B protein are also shown in Table II. It 
can be seen that radioactivity appeared in the HDL protein of 
the plasma within 2 minutes after injection of the chylomicrons, 
and the specific activity of the protein remained essentially 
constant over the ensuing 2 hours. The specific activity of the 
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protein corresponding in mobility to the reference B protein, on 
the other hand, rose continuously for almost 60 minutes and 
then appeared to level off. In a similar experiment, efforts were 
made to subfractionate the plasma lipoproteins by ultracentrif- 
ugation (10) in order to determine the presence of A and B 
proteins in specific density classes. Sufficient radioactivity 
was not obtained after electrophoresis, however, for this purpose. 


DISCUSSION 


Evidence has been previously presented (9) indicating the 
probable identity of one of the proteins associated with chylo- 
microns, designated as the A protein, and the major protein 
present in the soluble lipoproteins of density >1.063 (HDL) 
present in plasma and lymph. It can be concluded from the 
present studies of amino acid incorporation tn vivo into the pro- 
teins associated with chylomicrons and soluble lipoproteins that 
the source of most of the A protein in chylomicrons isolated from 
thoracic duct lymph is not the plasma HDL protein. This is 
shown by the far greater specific activities of the HDL protein 
and the A protein in lymph than in the HDL protein of plasma. 

The comparable specific activities of HDL and A proteins in 
lymph indicate either a common source for these proteins in 
lymph chylomicrons and high density lipoproteins or complete 
equilibration between them. 

One anatomical site for the formation of the HDL or A protein 
may be the intestine. It has been shown in these experiments 
that intestinal mucosal cells incubated in vitro can incorporate 
labeled amino acids into proteins which are bound to chylo- 
microns and which have the same electrophoretic mobility as the 
A and the B proteins (9). This apparent potential for synthesis 
of these specific proteins at this site is not without significance, 
since chylomicrons appear to be formed in or adjacent to the 
intestinal mucosal cells (13). On the other hand, synthesis of 
the HDL or A proteins in organs other than the intestine is not 
excluded in these studies since the liver, like the intestine, has 
lymphatic drainage into the thoracic duct. An object of future 
experiments will be to compare the chemical composition of 
chylomicrons in intestinal and thoracic duct lymph in an attempt 
to determine more specifically the possible contribution of the 
liver and intestine to the formation of the proteins of chylo- 
microns and other lipoproteins. 

The finding that the C protein is not labeled until 5 to 6 hours 
after feeding the labeled amino acids indicates that it is not 
formed from the same pool or pools of protein precursors as are 
the A or HDL and the B proteins, and that the C protein might 
be adsorbed to the chylomicrons at a different site during their 
passage in the lymph. It has been previously suggested (9) 
that the C protein may be identical to a chylomicron protein 
containing N-terminal threonine. Plasma chylomicrons contain 
a much larger quantity of this protein than do chylomicrons 
obtained from lymph (14), suggesting that this protein can also 
be added to chylomicrons after their entry into the blood. 

The most significant aspect of the experiment in which chylo- 
microns labeled in the protein moiety were injected into a recip- 
ient animal is that both the labeled A and B proteins remained 
in the soluble lipoprotein fraction of plasma long after the 
chylomicrons had disappeared. There appears to be rapid 
equilibration of the A protein between chylomicrons and high 
density lipoproteins. Similar rapid exchange or transfer for 
cholesterol (7) and phospholipide (15) in chylomicrons to high 
density lipoproteins has been reported, and this suggests that the 
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A protein may be in chylomicrons associated with these lipides 
as the high density lipoprotein complex. Because of this equili- 
bration, it will be very difficult to determine from this type of 
experiment whether the A protein (or associated high density 
lipoprotein) is removed from the blood simultaneously with the 
rest of the chylomicron. 

The continuing rise in the specific activity of the B protein 
remaining in the soluble lipoproteins after the chylomicrons haye 
disappeared is difficult to explain. It is possible that this protein 
may disappear with the chylomicrons and return slowly to the 
blood to mix with a relatively small quantity of lipoprotein 
containing the B protein. Estimation of the size of this lipo. 
protein pool in plasma, based on the recoveries of the B protein 
from electrophoresis of the plasma lipoproteins, indicates a total 
quantity not exceeding 5 mg. in the plasma of the recipient animal 
used. The quantity of HDL protein in the plasma of the recip- 
ient dog, calculated from the estimated plasma volume and the 
data of Hillyard et al. (16), was approximately 1400 mg. It is 
not surprising, therefore, that attempts to localize the labeled B 
protein to a specific density fraction of lipoproteins in the dog 
were unsuccessful. There is evidence (9, 14) that the B protein 
exists throughout the density ‘‘spectrum” of human plasma lipo- 
proteins and is the principal protein found in the triglyceride- 
rich soluble lipoproteins of very low density. It is possible, 
therefore, that some of the lipoproteins in plasma in the post- 
absorptive state may have their origin in the chylomicrons. A 
similar hypothesis to this effect, based largely on theoretical 
grounds, has been advanced by Lindgren et al. (17). 


SUMMARY 


It has been previously shown that three proteins, designated 
as A, B, and C, are associated with dog chylomicrons, and that 
the A protein is probably identical to the major protein found 
in the high density lipoproteins of both plasma and lymph (9). 
The incorporation of labeled amino acids into these proteins as 
well as lymph and plasma high density lipoproteins has been 
studied, with the use of dogs with thoracic duct fistulae and an 
in vitro system containing intestinal mucosal cell preparations. 
Chylomicrons labeled in the protein moicty have also bee | 
infused into recipient animals and attempts were made to deter: 
mine the fate of the proteins. 

From comparison of the specific activities of the chylomicron 
A protein and the high density lipoproteins obtained in the donor 
animals, it was concluded that the plasma did not contribute the } 
major portion of this protein found in either the chylomicrons 
or the high density lipoproteins obtained from thoracic duct 
lymph. 

The finding that intestinal mucosal cells incorporated amino 
acids into proteins having the same electrophoretic mobility 
as the chylomicron A and B proteins indicated that the intestine 
was a possible source of the proteins of chylomicrons as well « 
the protein in the high density lipoprotein fraction. } 

During the disappearance from the plasma of chylomicrot 
containing labeled proteins, there was an immediate appearanet 
of radioactivity in the high density lipoproteins suggesting : 
rapid equilibration of the A protein with this fraction. Tl 
behavior of the labeled B protein suggested that it disappear 
with the chylomicrons and reappeared in the plasma in a sme 


pool of soluble lipoprotein. 
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The catalytic activity of several proteolytic enzymes is altered 
by high concentrations of urea and guanidine salts (2-4). These 
studies, in conjunction with certain physical data, indicate that 
hydrogen bonding in the secondary structure of these enzymes 
is essential for maintenance of their catalytic function. Because 
of the increasing amount of information that is available con- 
cerning the structure of papain (5, 6), and its mechanism of 
action (7-10), it was of interest to determine whether this en- 
zyme is affected by concentrations of urea or guanidine hydro- 
chloride which alter secondary, structural hydrogen bonding. 
This paper presents the results of such studies. 

In contrast to the work of Lineweaver and Schwimmer (11) 
who reported no inactivation of papain by 9 M urea, our results 
demonstrate that even lower levels of urea cause considerable 
inactivation. Although urea reversibly inactivates papain, 
high levels of guanidine hydrochloride were found to cause an 
irreversible inactivation, accompanied by significant unfolding 
of the enzyme. 


EXPERIMENTAL 


Materials and Methods—Crystalline mercuripapain was _ pre- 
pared by a modification of the procedure of Kimmel and Smith 
(12). In all experiments in which mercuripapain was exposed 
to urea or guanidine hydrochloride, the aqueous diluent was 
either 0.05 m or 0.1 mM sodium acetate buffer at pH 5.1, unless 
noted otherwise. pH measurements were made with a Beckman 
model G or a Cambridge model R pH meter, and no attempt 
was made to correct the observed pH for effects of urea or guani- 
dine hydrochloride. Recrystallized guanidine hydrochloride, 
prepared from reagent grade guanidine carbonate, and recrystal- 
lized reagent grade urea were used in all experiments. 

Assays of enzyme activity were performed as_ previously 
described (12) with 0.05 M a-benzoyl-L-argininamide as substrate 
at pH 5.1, in the presence of 0.005 m cysteine and 0.001 m ethyl- 
enediaminetetraacetate. Specific activity (Ci) was calculated 
from k, (first order rate constant calculated in decimal log- 
arithms) per mg. of protein N per ml. of reaction mixture. Pro- 
tein concentration was estimated by a turbidimetric method 
(13). In the experiments performed in the presence of urea 
or guanidinium ion, there was no interference with estimation 
of enzyme activity. 

* This investigation was aided by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice. A preliminary report of this work has been presented (1). 

+t Postdoctoral Fellow, National Heart Institute, United States 
Public Health Service. 


The Rudolph Precision Polarimeter No. 80 with a sodium 
lamp was used. Observed rotations were estimated from the 
average of 10 consecutive readings and are expressed as specific 
rotations calculated in the usual manner. 


RESULTS 


Effect of Urea and Guanidine Hydrochloride on Activity—Figs. 
1 and 2 show the effect of urea and guanidine hydrochloride on 
the activity of papain.'. In these experiments solutions of 
mercuripapain contained the final concentration of reagent that 
is indicated in the figures. Aliquots of each of these solutions 
were assayed in reaction mixtures containing the same urea or 
guanidine hydrochloride concentration. Other aliquots were 
assaved in aqueous solutions in which the urea or guanidine 
hydrochloride concentration was diluted to | per cent that of 
the original solution. The estimated activities are plotted in 
Figs. 1 and 2 at the final concentration of either urea or guanidin- 
ium jon. 

It is apparent that both agents cause considerable inactiva- 
tion. The specific activity decreased sharply between 0.1 and 
2 M urea, with almost complete loss of activity at 6 M concentra- 
tion and complete inactivation at 8 M concentration. The 
activity of papain after exposure to concentrations of urea up 
to 3 mM and then dilution, was that expected on the basis of the 
small amount of urea present, an indication that the inactiva- 
tion was completely reversible under these conditions. How- 
ever, the activities, after exposure to concentrations of urea 
greater than 3 M, were less than that expected from the final 
urea concentration. Complete reactivation would give a curve 
superimposable on the urea inactivation curve. This apparent 
partial reversibility has also been demonstrated by the fact that 
papain after exposure to 6 M urea and subsequent removal of 
urea by dialysis, shows only 50 to 60 per cent of its original 
specific activity. 

With guanidine hydrochloride the specific activity decreased 
sharply between 0.1 and 3 mM showing almost complete inactiva- 
tionat4m. The activity of papain after exposure to concentra 
tions of guanidine hydrochloride up to 0.5 M and then dilution, 
was that expected from the small amount of reagent present. 
Partial reversibility occurred at concentrations up to 3 M, whereas 
papain exposed to concentrations greater than 4 M was irrevers- 


1In these experiments and the ones to follow no differences 
could be found between the results obtained with crystalline 
mercuripapain or crystalline papain. 


572 


sol 
Th 
Aft 
wit 

we 

t10 
ure 
Inst 

ma 

sol 
Ma 
gua 

tio 
exte 
cola 

sta 

tho 

the 

as 
fact 
unti 

pap 

sho 

acti 
app 

fro 
show 
ho h 
| 


March 1959 


100 Se ~ 
80 
O 
x Activity in 
after 
fm 
Dilution 
2 
| L 
2 | O -| 


-LOG MOLAR UREA CONC. 


Fig. 1. Effect of urea on papain activity. Urea was added to 
solutions of mercuripapain to give the final concentrations shown. 
The concentration of enzyme varied from 0.38 to 1.0 per cent. 
After at least 30 minutes at 25°, activity was estimated at 40° 
with a-benzoyl-L-argininamide as substrate at pH 5.1. Assays 
were performed at the concentration of urea used for denatura- 
tion, @, and after dilution to 1 per cent of the original level of 
urea, O. 


ibly inactivated. Such irreversibly inactivated papain was very 
insoluble after removal of the denaturing agent. 


In order to determine whether hydrolysis of a protein sub- 
strate by papain is altered by denaturing agents in the same 
manner as the hydrolysis of the synthetic substrate, a-benzoyl- 
L-argininamide, the following experiment was performed. To 
solutions of human serum albumin buffered at pH 5.1 with 0.05 
Macetate buffer containing 0.005 mM dimercaptopropanol, enough 
guanidine hydrochloride was added to give the final concentra- 
tions shown in Fig. 3. Mercuripapain was then added and the 
extent of hydrolysis estimated by the increase in ninhydrin 
color at 570 my (14) on aliquots removed at intervals after 
starting the reaction. The results are shown in Fig. 3. Al- 
though guanidine hydrochloride caused a definite decrease in 
the rate of hydrolysis, the percentage inhibition is not as great 
as that found for comparable concentrations of guanidine hy- 
drochloride with the synthetic substrate (Fig. 2). Despite the 
fact that papain was not exposed to guanidine hydrochloride 
until the beginning of the reaction, the rate of inactivation of 
papain by guanidine hydrochloride, which is described below, 
should be sufficiently rapid to produce a similar degree of in- 
activation to that seen with the synthetic substrate. It is thus 
apparent that the albumin protected the papain to some extent 
from denaturation.2. However, no hydrolysis occurred after 60 


* In a single experiment performed in the same manner as those 
shown in Fig. 3, it was observed that mercuripapain, treated with 
4M guanidine hydrochloride for 30 minutes, subsequently gave 
n0 hydrolysis of albumin. 
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Fia. 2. Effect of guanidine hydrochloride on papain activity. 
These experiments were performed as described in Fig. 1 for the 
urea inactivation studies. @, Activity in guanidine hydrochlo- 
ride; O, activity after dilution of guanidine hydrochloride to 1 
per cent of original level. 


| 
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Fic. 3. Rate of hydrolysis of human serum albumin by papain 
in guanidine hydrochloride. The extent of hydrolysis was esti- 
mated by the increase in ninhydrin color at 570 my on aliquots 
removed at intervals after starting the reaction. Although guani- 
dine hydrochloride gives some color, each measurement was cor- 
rected by an appropriate blank. 


minutes in the mixture containing 4 m guanidine hydrochlo- 
ride. 

Time Dependence of Guanidine Hydrochloride and Urea In- 
activation—The time dependence of the effects of increasing urea 
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Fic. 4. Time dependence of guanidine hydrochloride and urea 
inactivation. In each instance the proteolytic coefficient (C)) 


was calculated as a function of time at the concentration of de- 
naturing agent shown. Results are expressed as per cent of the 
activity of the papain preparation in water. 

and guanidine hydrochloride concentrations on the specific 
activity of papain is shown in Fig. 4. In these experiments 
mercuripapain was added to solutions of a-benzoyl-L-arginin- 
amide in 0.05 M acetate buffer at pH 5.2 containing 0.005 m 
dimercaptopropanol and the denaturing agent at the concentra- 
tions indicated in Fig. 4. Aliquots of these mixtures were then 
used to determine the extent of hydrolysis of a-benzoyl]-L- 
argininamide at various times. Maximal inhibition of papain 
at all three concentrations of guanidine hydrochloride occurs 
after 12 minutes. In addition, urea exerts its maximal inhibi- 
tion within 20 to 30 minutes. Other experiments have shown 
that the activity of papain in | M urea does not change over 72 
hours, whereas the activity of papain in 6 M urea decreases over 
72 hours to 4 per cent of the original activity. No differences 
in the time dependence of denaturation could be found over the 
range from pH 4.3 to 10. 

It is noteworthy that the experiments shown in Figs. 1 and 2 
were performed after 30 minutes of exposure to the denaturing 
agent. Consequently, all of these studies represent maxima] 
inhibition by urea or guanidine hydrochloride. 

Effect of Urea and Guanidine Hydrochloride on Optical Rotation 
of Papain—Although papain activity is extremely sensitive to 
urea, little effect could be found on the optical rotation. Table 
I lists the average specific rotations of papain solutions in the 
absence and presence of 6 M urea at different pH values. An 
increase in the levorotation was found at pH 4.3, however, 
little change was observed at pH 5.7. In view of the low solu- 
bility of papain at pH 8 to 10 and the fact that insufficient light 
is transmitted it was impossible to obtain precise readings for 
the aqueous solutions. The specific rotations at these pH values 
in 6 M urea suggest that little or no change in rotation has oc- 
curred, and we cannot judge whether the slightly lower rotation 
found at pH 8.0 in 6 M urea is significant. Although these 
results were obtained at the D-line of sodium, different results 
might be obtained at other wave lengths. It is important to 
note that no increase in rotation occurred even after 48 hours 
of exposure to urea. 

Fig. 5 shows the change in optical rotation of papain as a 
function of guanidine hydrochloride concentration. Unlike its 
behavior in urea, papain shows considerable unfolding in guani- 
dine hydrochloride as judged by the increasing levorotation. 
Although no effect is found below 2 mM guanidine hydrochloride, 
the maximal increase in levorotation occurs at 4 mM concentra- 
tion. It is also at this latter concentration that papain is ir- 
reversibly inactivated (Fig. 2). 
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TABLE I 
Effect of urea on specific rotation of papain 


Solutions of mercuripapain, 0.4 to 1.0 per cent, were prepared 
in buffers at the indicated pH either in the absence or presence of 


6m urea. The observed rotations did not change over a 48-hour 
period. 

pH in water in urea 

4.3 (—) 65.3° (—) 77.6° 

5.7 (—) 66.7 (—) 68.2 

8.0 (—) 62.3 

10.0 (—) 68.4 


* Insufficient light transmitted for precise estimation. 
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‘Fie. 5. Specific rotation [a]>° of papain in guanidine hydro- 
chloride solutions. Solutions of mercuripapain, 0.4 to 0.6 per 
cent, were prepared in 0.06 mM acetate buffer at pH 5.2 containing 
the indicated concentration of denaturing agent. 


DISCUSSION 


From the results presented it is evident that papain is inacti- 
vated by high concentrations of urea or guanidine hydrochloride. 
These findings are not in accord with those of Lineweaver and 
Schwimmer (11) who indicated that papain is fully active in 9 
mM urea. Although some irreversible inactivation should have 
occurred it appears that these authors evaluated the activity d 
urea solutions of papain under assay conditions which involved 
dilution. This was the case in a number of the early exper: 
ments concerned with the stability of enzymes in urea and has 
been emphasized previously (2, 15). However, protein sub- 
strates were used by the above workers and, indeed, we have 
found that human serum albumin tends to stabilize papain to4 
considerable extent against inactivation by guanidine hydr 
chloride. This situation also obtains with other proteolyt 
enzymes, in particular, trypsin, chymotrypsin, and carboxy 
peptidase (16, 17). 
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Fic. 6. A plot of initial substrate concentration (S) divided by 
velocity V (per cent hydrolysis per minute) versus (S) for the 
hydrolysis of 0.05 M a@-benzoyl-L-argininamide at 40° and pH 5.2 
in the presence of three different concentrations of urea. 


In studies with other proteolytic enzymes, it has been ob- 
served that alteration of the secondary structure, as judged by 
changes in optical rotation or viscosity, parallels inactivation 
of the enzyme (2, 3). This effect has been interpreted as in- 
dicating that hydrogen bonds of the secondary structure stabilize 
the active site of the enzyme. Rupture of these hydrogen bonds 
thus leads to destruction of the active site. In the case of 
papain, however, significant loss of enzymic activity occurs at 
concentrations of urea or guanidinium ion which do not affect 
its secondary structure as judged by the fact that no measurable 
change in optical rotation can be detected. The first change 
in rotation is found between 1 and 2 mM guanidine hydrochloride 
(Fig. 5) whereas 50 to 60 per cent of the activity of papain is 
destroyed at these concentrations (Fig. 2). One explanation 
for these results is in terms of the proposed structure of the 
catalytic site of papain. Kinetic studies have demonstrated 
that a thiol group of a cysteine residue and a carboxyl group 
function in the active site (7-9), and it has been suggested that 
these form the active site by an interaction which forms a “high 
energy” thiol ester or hydrogen bond stabilized by the folding 
energy of the protein (10). A possible explanation for the effect 
of urea or guanidine salts is that these agents can interfere with 
the interaction of the thiol and carboxyl groups of the active 
site at concentrations which do not disrupt hydrogen bonds in 
the enzyme as judged by the lack of effect on the rotation. 
However, additional evidence is needed before this interpreta- 
tion can be accepted. 
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An attempt to obtain such evidence has been made by deter- 
mining the nature of the inhibition produced by low concentra- 
tions of urea. The results are presented in Fig. 6 as a Line- 
weaver-Burk plot.2 It is apparent that this inhibition is of the 
so called “uncompetitive type’’ (18). Because the slope of the 
lines in the presence and absence of inhibitor is the same and 
numerically a function of {1 + A,(J)|/koe, it can be concluded 
that Aye is unchanged by inhibitor. Since it has been shown 
that A,, = ko/ki for papain (6), and since the data of Fig. 6 
indicate that koe is unchanged by the presence of inhibitor, the 
primary effect of urea must be on f;, 7.e. the step involving the 
interaction of enzyme and substrate. An alternative explana- 
tion for the effect of low concentrations of urea and guanidine 
salts might then be found in the k; step which represents the 
formation of the enzyme-substrate complex, or more specifically, 
the formation of an acyl-thiol-enzyme complex (8). Urea or 
guanidine salts could then be interfering either directly with 
the formation of the intermediary thiol ester or with side chain 
interaction of the guanidinium portion of the substrate a- 
benzoyl-L-argininamide and the enzyme. The structural simi- 
larity between the guanidinium group of a-benzoyl-arginin- 
amide and both urea and guanidine hydrochloride might lend 
support to interference with the side chain interaction in the 
k, step. An alternative plot of the data of Fig. 6 where log 


ng — 1) is plotted against log J yields a line with a slope of 
I 


4.2 + 0.2; this has been interpreted to mean that 4 molecules 
of inhibitor interact with the enzyme. 

Regardless of the explanation of the effects of urea and guani- 
dine salts in inactivating papain, it is apparent that papain does 
differ from other proteolytic enzymes in that it is reversibly 
inactivated by low concentrations of these reagents which do 
not produce measurable unfolding of the molecule by the eri- 
terion of optical rotation. However, it is also apparent that 
papain is similar to many other enzymes in that high concentra- 
tions of the above reagents produce irreversible inactivation 
accompanied by unfolding of the enzyme. Thus a folded struc- 
ture is essential for the catalytic activity of papain in spite of 
the fact that a considerable portion of the primary peptide 
structure is dispensable for papain activity (19). 


SUMMARY 


1. Papain is reversibly inactivated by low concentrations of 
urea and guanidine hydrochloride. This inactivation is not 
accompanied by a change in secondary structure as judged by 
optical rotation experiments. 

2. Although little change is found in the specific rotation of 
papain in 6 M urea, it is almost completely although reversibly 
inactivated at this concentration. Guanidine hydrochloride, 
5 M, irreversibly inactivates papain, producing a maximally 
unfolded molecule as judged by optical rotation measurements. 
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In a previous publication (1) methods were described which 
permit the quantitative estimation of the action of y-glutamyl 
| transpeptidase upon glutathione. In the present report these 
methods are employed to study the influence of amino acids, 
peptides, and other compounds upon the reaction. In addition, 
we present the results of attempts to account for all the main 
products formed in the reaction in both the presence and ab- 
ence of the amino acid, arginine. Data on the distribution of 
y-glutamyl transpeptidase activity in a variety of organs and 
animal species are also given. 


EXPERIMENTAL 


The reaction of glutathione with transpeptidase was followed 
by either the CO manometric method or the alloxan method 
(l). In the manometric method the rate was calculated from 
the period of the reaction when the CO absorption was linear 
with time. This was usually for a 30-minute period. Unless 
otherwise noted, the reaction was carried out at 37.8° and in a 
solution buffered near pH 8.7, the optimum for the reaction. 
The total volume of the reaction mixture was 3.0 ml. and con- 
tained 20 umoles of glutathione and 200 umoles of buffer. In 
the manometric method 7.5 uwmoles of FeSO, were also added 
in the form of the monohydrate salt. The concentration of 
amino acids and other compounds under test was as indicated 
in the results. 

y-Glutamylarginine was determined by the method of Kino- 
shita and Ball (2). Glutamic acid was measured by a modifica- 
tion of the method of Schales and Schales (3). Carbon dioxide 
}was released from glutamic acid by squash decarboxylase and 
collected in NaOH in the center well of an oversize Warburg 
'fask. The NaOH was then analyzed for its CO. content in 
the Van Slyke manometric apparatus (4). The squash de- 
carboxylase released no CO, from glutathione, pyrrolidone 
carboxylic acid, or arginine, and these compounds did not inter- 
lere with the quantitative recovery of CO. from glutamic acid. 

pH values were measured with a glass electrode at room tem- 
perature. Kidney homogenates were prepared by blending 
ish whole kidney with buffer solution or water in a Potter- 
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Elvehjem type (5) homogenizer. When purified enzyme was 
used, it was prepared from beef kidney cortex by the method of 
Kinoshita and Ball (2) with slight modifications. 

We are indebted to Dr. F. M. Strong for the sample of 8-amino- 
propionitrile used. Some of the samples of b- and L-serine used 
were the gift of Dr. D. H. Elwyn. Glutathione and all other 
amino acids and peptides used were commercial samples. 


RESULTS 


In most of the results to be presented we have compared 
simultaneously the rate of the reaction in the presence of the 
amino acid or other compound under test with the rate in its 
absence. We have termed these two reactions “‘transpeptida- 
tion” and “hydrolysis,” respectively. The ratio of the rate of 
the ‘“‘transpeptidation” reaction to the “hydrolytic” reaction 
multiplied by 100 has been designated as the TP:H value. 
Thus a value for TP:H of 200 indicates that the rate of gluta- 
thione disappearance or cysteinylglycine appearance in the pres- 
ence of a compound is twice that observed in its absence. This 
procedure is employed in order that a direct comparison may 
be made of the results obtained in a large number of experiments 
in which the absolute rates observed are not directly comparable 
because of variations in the activity of the particular enzyme 
preparation employed. In the “hydrolytic’’ reaction in our ex- 
periments the absolute amount of glutathione utilized varied be- 
tween 0.10 and 0.20 umoles per minute. 

Factors Influencing Reactivity of Amino Acids—The addition 
of L-amino acids to a mixture of glutathione and transpeptidase 
increases the rate of cysteinylglycine appearance (1). In con- 
trast, the addition of b-amino acids has little effect on the re- 
action rate. Table I presents the results obtained with alanine, 
methionine, and serine. The significance of the slight effects 
observed with p-methionine or with high concentrations of 
p-alanine is questionable, since it is possible that the commercial 
preparations employed contained some of the L-isomer. The 
presence of a racemase in the kidney enzyme preparations must 
also be considered. The slight inhibition observed with 300 
umoles of p-alanine parallels the behavior of t-alanine at this 
concentration (cf. Fig. 1). Table I shows that pi-alanine at a 
final concentration of 6.6 * 10-* m has the same effect as 3.3 
< 10-* mM L-alanine. Thus p-amino acids do not participate in, 
nor do they interfere with, transpeptidation reactions. 

In general the rate of the reaction increases with increasing 
amino acid concentration up to a certain level. However, as 
may be seen from the results presented in Fig. 1, the relation of 
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1.25 mg. of a purified beef kidney enzyme preparation. 


TABLE I 


Comparison of behavior of p- and L-amino acids 
All results were obtained by the manometric procedure with 


y-Glutamyl Transpeptidase 


Borate 


buffer was employed except when serine was the amino acid; then 
tris(hydroxymethy])aminomethane was employed as the buffering 


agent. 
8.6 in all cases. 
**Experimental.’’ 


The final pH of this reaction mixture was approximately 
All other conditions were as described under 


Amino acid Concentration TP:H 
pmoles/3 ml. | M 
0 | 0 100 
10 | 0.0033 99 
20 | 0.0066 106 
50 0.016 111 
| 100 0.033 122 
| 300 0.1 90 
| 20 0.0066 | 206 
10 0.0033 | 195 
p-Methionine............ 20 0.0066 115 
20 0.0066 440 
10 0.0033 130 
“4 ALANINE 
500F 
400} d 
GLUTAMINE 
GLYCIN 
200 
L GLUTAMIC 
100 
20 40 ail 


60 80 100 
UMOLES/3ML 


Fic. 1. The effect of the amino acid concentration on the rate 


of the reaction. 


All results were obtained by the manometric 


procedure in the presence of 20 umoles of glutathione and the 
indicated concentration of amino acid, with a purified beef kidney 


preparation as the enzyme. 


Each vessel contained 1.25 mg. of 


enzyme and 2 ml. of 0.1 m borate, pH 9.0, in a total volume of 


3.0 ml. 
before use. 


Glutamic acid was converted to its monosodium salt 
The final pH of the mixture was found to be 8.6 to 


8.7. All other conditions were as given in ‘‘Experimental.’’ 


rate to concentration depends upon the particular amino acid 


employed. 


In the case of L-alanine and 1-glutamine, the re- 


action rate increases and then falls as their concentration in- 


creases. 


value and remains there as the concentration increases. 


In the case of glycine the rate rapidly reaches a plateau 


The 


optimal concentration for each of these compounds is decidedly 


different. 


It is thus obvious that in any comparison of the 


effects of different amino acids upon the reaction rate, the rela- 
tive values obtained will vary depending upon the concentration 
level of the amino acid which happens to be selected for the 


study. 


One procedure would be to run concentration curves 


for all compounds and to compare rates at the optimal concen- 
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TABLE II 
Relative reactivity of amino acids and peptides It 
The manometric procedure was used for all the compounds 
listed except cysteine. In this case the alloxan method was em. | ™ 
ployed. Each value represents the average of at least two experi. 
ments. Results were reproducible to +5 to 10 per cent. In aj] { m 
cases 20 ymoles of the compound were present in 3 ml. of reaction — be 
mixture and 1.25 mg. of a purified beef kidney enzyme prepara. | th 
tion were employed. The pH of the reaction mixture in each case | py 
was measured by the glass electrode on a sample of the reaction si 
fluid which contained all the components except enzyme. Values th 
between 8.5 and 8.6 were found in all cases except as follows: . 
L-glutamic acid, pH 8.45; diglveylglvcine, pH 8.45; and pt-leuey|- 4 
glveviglycine, pH 8.30. All other conditions were as given in the ™ 
‘‘Eexperimental’’ section. 
Compound | — TP:H Compound — TP:H an 
——. clu 
Glyeylglyeine..... 530 | L-Leucine........| 9.60 165 [ sin 
L-Methionine. . 9.21 440 | L-Glutamie acid.| 9.67 | 150 sid 
L-Leucylglycine. .. 420 | pL-Ornithine. . 8.65 145 str 
L-Glutamine. ..... 9.13 400 | pL-Homoserine. . 140 oun 
pL-Alanylglyecine..| 8.20 | 390 | Glyeyl-pL-val- 
Isoglutamine......| 7.90 | 334 8.25 | 140 
L-Alanine......... 9.69 295 | Asparagine...... 8.80 | 130 
pL-Citrulline...... 260 | pL-Leucylglycyl- low 
..| 8.30 220 giyeine........ 116 
pu-Norleucine.....| 9.76 | 210 Diglyeylglycine..| 7.90 | 115 
L-Arginine........ 9.04 | 205 | pL-Threonine.... 115 | fina 
L-Tryptophane.... 9.39 205 | Glyeyl pL-serine. 110 | exp 
9.60 | 195 | pui-Valine........ 9.62, 110 10, 
8.95 190 | L-Aspartic acid...) 9.60 105 
L-Cysteine........ 8.18 | 175 | L-Isoleucine....., 9.68 | 10 nip 
pL-Phenylalanine .| 9.18 170 | B-Alanine........ 100 
| L-Serine......... | 9.15) 3 
cont 
tration for each compound. However, in the survey of a large glut 
number of compounds this procedure is not practical and we is al 
have therefore chosen the value of 20 wmoles per 3 ml. as a Here 
suitable one to employ. This concentration value was selected glut 
in part because it is on the rising part of the curve for the four that 
compounds presented in Fig. 1; it is the same concentration at | “1 
which glutathione is present; and it permits the use of compounds side 
of limited availability. 
In Table II is given the relative reactivity of 31 amino acids | _ B-. 
and peptides when they are present at the chosen concentration | ing f 
level of 20 umoles per 3 ml. of reaction medium. The com- } the | 
pounds are arranged in the order of decreasing activity. Alb | How 
given in this table is the pK value at 25° of the amino group 0 } Cs 
the compound where such values were available in the literature. activ 
These pK values are given since evidence has been presented | th 
previously that it is the uncharged —NHz2 form of an amino of 15 
acid or peptide which takes part in transpeptidation reactions It 
(1). Some correlation between the reactivity and the pK value acids 
of the compound under test might therefore be expected, espe | as sh 
cially when the pH of the reaction is near 8.7 and the pK values have 
of the compounds range from 8.1 to 9.8. However, no simple 20 at 
relationship of this sort is evident from the data presented in} Presel 
Table If. To be sure, the dipeptides, glycylglycine, 1-leucy! have 
glycine, pi-alanylglycine, and glycyl-1-leucine, which do p%& tion 
sess amino pK values that should make them most reactive, a might 
near the top of the list. Yet the tripeptide, diglycylglycime, It \ 
with an even lower amino pK value than the dipeptides, 8° only 3 


0. 3 


| 
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poor reactor as is also the tripeptide, p1i-leucylglycylglycine. 
It has been previously suggested by Fodor et al. (6) that there 
js a maximal length beyond which peptides become poor re- 
actors. 

That factors other than the pK value of the amino group 
may influence the reactivity of a compound is shown by the 
behavior of pL-norleucine, t-leucine, and L-isoleucine. These 
three isomeric forms have nearly identical amino pK values, 
but their reactivity decreases markedly as branching of the 
side chain occurs and particularly when branching occurs on 
the B-carbon atom as in isoleucine. Thus the bulkiness of the 
side chain in the immediate vicinity of the reactive amino group 
would appear to be important. Hird and Springell (7) have 
made similar observations. 

There is some indication that a charge on the side chain of 
an amino acid may diminish its reactivity, although the con- 
clusions to be drawn are equivocal. Thus, pt-ornithine, L-ly- 
sine, and L-arginine, all of which possess a positively charged 
side chain at the pH of the experiment, are less reactive than the 
structurally similar amino acid citrulline, which possesses an 
uncharged side chain. .-Glutamine is much more reactive than 
glutamic acid with its negatively charged side chain. Part 
of this increased reactivity of glutamine may be ascribed to the 
lower pK value of its amino group, but not all. This is best 
seen from the data presented in Fig. 1. The TP:H value is 
approximately 250 for glutamic acid when it is present at a 
final concentration of 100 uwmoles per 3 ml. At the pH of the 
experiment it may be calculated from the pK value that about 
10 ymoles of glutamic acid would be present with an uncharged 
amino group. A greater TP:H value (300) is found for gluta- 
mine when its total concentration is 10 wmoles per 3 ml. The 
amount of glutamine with an uncharged amino group would 
be less than half this concentration. Also of interest in this 
connection is the behavior of isoglutamine. This derivative of 
glutamic acid possesses a negatively charged side chain, yet it 
isalmost as reactive as glutamine at the pH of these experiments. 
Here the markedly lower pK value of the amino group of iso- 
glutamine is undoubtedly an important factor, and the fact 
that isoglutamine is present predominantly with an uncharged 
amino group outweighs the effect of the negatively charged 
side chain. A similar, although less striking, difference is to be 
noted for aspartic acid and asparagine. 

8-Alanine was found to be unreactive at concentrations rang- 
ing from 20 to 500 wmoles per 3 ml. Thus an amino group in 
the beta position to the carboxyl appears to be unreactive. 
However, if the —COOH group of @-alanine is replaced by a 
—C=N group as in @-aminopropionitrile, then a weakly re- 
active compound is obtained. This compound has little effect 
on the reaction at low concentrations, but gives a TP:H value 
of 157 when present at a concentration of 360 umoles per 3 ml. 

It should be pointed out that in those cases in which amino 
acids were emploved as the pi-mixture the relative reactivity 
a shown in Table II is probably too low. This is because we 
have employed these compounds at a final concentration of 
20 wmoles per 3 ml., which means that the active t-form is 
present at only one-half this concentration. Perhaps it would 
have been better to have used these compounds at a concentra- 
tion level of 40 wmoles per 3 ml. in order that all the results 
might be directly comparable. 

It will be noted that of all the compounds listed in Table II 
only L-serine caused the TP:H value to fall below 100. This 


TaB_e III 
Reaction of L-serine in presence of different buffers 


The data were obtained by the alloxan method. In each case 
the final reaction volume was 3 ml. and contained 2 ml. of 0.1 m 
buffer. Glutathione was added to give a concentration of 20 
umoles and L-serine, when present, a concentration of 10 umoles 
per 3 ml. of reaction mixture. A water homogenate of rat kidney 
was used as the enzyme. [Each vessel received 0.1 ml. of this 
homogenate which was equivalent to 7 mg. of wet kidney tissue. 


Glutathione utilized 
Buffer TP:H Final pH 
Serine absent | Serine present 


pmoles/30 min. 


5.3 6.9 130 8.3 
Na Veronal...... 5.45 6.4 118 8.4 
Na borate....... 5.65 2.9 51 8.4 


* Tris, tris(hydroxymethy!)aminomethane. 


means that L-serine not only failed to undergo transpeptidation, 
but that it inhibited the cleavage of glutathione by y-glutamy] 
transpeptidase. Now all the results presented in Table II were 
obtained in borate buffer, and it will be seen from the data 
presented in Table III that the inhibitory action of L-serine 
manifests itself only when borate is the buffering agent. When 
either Veronal or tris(hydroxymethyl)aminomethane buffer is 
employed, the TP:H value is increased to values of 118 and 130, 
respectively, in the presence of L-serine. It should be noted 
also that the results presented in Table III were obtained by 
the alloxan method; the result for L-serine given in Table II, 
however, was obtained by the CO manometric method. Thus 
the inhibitory action of serine in the presence of borate is ob- 
servable regardless of the method employed to follow the re- 
action. A more detailed account of this inhibition by serine 
in borate buffer will be published in a separate communication. 

Attempts to Determine Quantitatively Main Products of Re- 
action—It has been shown previously (1) that under the ex- 
perimental conditions employed here there is a stoichiometric 
relation between cysteinylglycine appearance and glutathione 
disappearance. We have now attempted to account quantita- 
tively for the fate of the y-glutamyl moiety of glutathione in 
both the “hydrolytic” and “transpeptidation” reaction. Ar- 
ginine was selected as the amino acid for use in the transpepti- 
dation reaction since the y-glutamylarginine formed could be 
determined quantitatively. The experiments were performed 
at two pH values, 6.2 and 8.6. At pH 6.2 glutathione disappear- 
ance was measured; at pH 8.6 both glutathione disappearance 
and cysteinylglycine formation were determined. Glutamic 
acid formation was measured in all experiments. The results 
obtained are presented in Fig. 2. When the “hydrolytic” 
reaction is carried out in a phosphate buffer at pH 6.2, practically 
all the glutathione which disappears is recovered as glutamic 
acid. The addition of arginine at this pH value causes a slight 
increase in glutathione disappearance and there is a concomitant 
appearance of y-glutamylarginine to account for this increased 
glutathione utilization. However, only 5 to 8 per cent of the 
glutathione originally present in the reaction mixture is utilized 
at this pH during the 30-minute incubation period. At pH 
8.6 a marked increase in the reaction rate occurs and 20 to 33 
per cent of the glutathione is utilized during the experiment. 
Here the actual amount of glutamic acid formed is even less 
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Fic. 2. The quantitative assay of the products formed from 
glutathione in the presence and absence of arginine. Each 3 
ml. of reaction mixture contained 20 wmoles of glutathione, 1.25 
mg. of a purified enzyme preparation from beef kidney, and 0.1 
M buffer. A phosphate mixture was used as a buffer in the experi- 
ment at pH 6.2; borate was employed in the experiment at pH 
8.6. When arginine was present its concentration was 20 umoles 
per 3 ml. of the reaction mixture. Incubation of the reaction 
mixture was carried out for 30 minutes under N»2 in large Thunberg 
tubes shaken mechanically at 38°. At the end of the incubation 
period appropriate aliquots were withdrawn. The aliquot used 
to measure GSH disappearance was added to metaphosphoric 
acid to stop the reaction and precipitate the protein. In the 
case of the aliquot for glutamylarginine determination, trichloro- 
acetic acid was used as the protein precipitant. In the case of 
the aliquot used for glutamic acid determination, the reaction 
was stopped by immersion of the aliquot in boiling water for 1 
minute. Control experiments show that this treatment inacti- 
vated the enzyme and did not affect the recovery of glutamic 
acid. Cysteinylglycine formation was measured in Warburg 
vessels by the manometric procedure on a separate portion of 
the reaction mixture. 


than at the lower pH value. In the presence of arginine the 
y-glutamyl moiety of the glutathione which disappears can be 
accounted for nearly quantitatively as glutamic acid and y-glu- 
tamylarginine. However, in the hydrolytic reaction at pH 8.6 
only a small portion of the y-glutamy! moiety of the glutathione 
which disappears can be accounted for as glutamic acid. We 
have not been able to account quantitatively for the rest of the 
y-glutamyl moiety. The formation of pyrrolidone carboxylic 
acid has been reported to take place under conditions such as 
are employed here (6, 8). Others have denied that this com- 
pound is formed (9). We have attempted to determine the 
presence of pyrrolidone carboxylic acid both qualitatively by 
paper chromatography and quantitatively by the use of a Dowex 
50 resin column in the H+ cycle. Our results have been so 
inconsistent that we prefer to draw no conclusions at this time 
as to the formation of pyrrolidone carboxylic acid. Another 
compound whose formation could account for the y-glutamyl 
moiety is y-glutamyl! glutathione. If the amino group of gluta- 
thione is as reactive as that of glutamine, then appreciable 
amounts of this compound could be formed. We have found 
no way as yet to determine quantitatively y-glutamy] gluta- 
thione. If it is formed, we suspect that it may react in the 
alloxan method just as if it were glutathione. Hence its forma- 
tion would not be detected by this procedure. Whatever the 
product, its formation seems to be markedly repressed when 
arginine is present. 

Distribution of Transpeptidase Activity in Various Tissues— 
Homogenates of the following tissues of the rat were examined 
by the manometric procedure for transpeptidase activity: brain, 
heart, blood, salivary glands, liver, pancreas, stomach, intestines, 


y-Glutamyl Transpeptidase 
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spleen, lymph nodes, testis, and kidney. Only homogenates — 


of the kidney and the pancreas were found to have activity, 
The addition of homogenates of liver, brain, or intestine to q_ 


kidney homogenate produced very little alteration in its activity, 


It thus appears unlikely that the inactivity of tissues such as _ 
liver, brain, or intestine is due to the presence of an inhibitor of — 
The tissues of other animals were — 


y-glutamyl transpeptidase. 
examined for transpeptidase activity. These included the 
kidney, liver, brain, and pancreas of the leopard frog; the kidney 
and the pancreas of the rooster; and the kidney and the liver 
of the hamster. Again, as in the rat, activity was found only 
in homogenates of the kidney and pancreas of these animals, 
A black snake and a pigeon were examined and no enzyme 
activity was found in the liver, the pancreas, or the kidney of 
these two animals. 

The relative enzyme activity of the kidneys from the various 
animals examined is shown in Table IV. The kidney of all 
the mammals displayed good enzyme activity. Among the 
lower animals only the kidney of the frog shows activity com- 
parable to that found in the mammals. Ball et al. (10) examined 
the y-glutamy] transpeptidase activity of various marine forms. 
In a variety of tissues examined in fishes they found enzyme 
activity to be present only in the kidney. The highest value 
reported by them for the kidney of these cold blooded animals 
was 1.75 umoles of glutathione utilized per 30 minutes per 100 
mg. at 30° for the hydrolytic reaction. Oddly enough, the 
addition of alanine to fresh kidney homogenates produced no 
change in the rate of the reaction. Through the cooperation 
of Dr. C. A. Villee and of Dr. R. Schwartz it was possible to 


TABLE IV 
Relative y-glutamyl transpeptidase activity of 
kidney of various species 
All results were obtained by the manometric procedure at pH 
8.7 in borate buffer and 37.8°. In each case a 1:10 homogenate 
of the fresh tissue was prepared with either water or borate 
buffer and 0.1 ml. of this homogenate was used per vessel. When 
alanine was present, its concentration was 20 wmoles per 3 ml. 


Results are expressed in terms of 100 mg. of wet tissue. All other 
conditions were as described under ‘“Experimental.’’ We are in- 
debted to Dr. Charles P. Lyman for furnishing us with the hamster 
kidneys. | 
Glutathione utilized 
Animal 
Alanine absent |Alanine present 
pmoles/30 min./100 mg. tissue 
Leopard frog (Rana pipiens).......... 16.0 22.7 
Waterdog (Necturus maculosus)....... 0 0 
Black snake (Species unknown)....... 0 0 
Rooster (Gallus gallus)................ 3.3 4.1 
Squab (Columba livia)................ 0 
Rat, Wistar (Rattus norvegicus)....... 24.0 44.0 
Rat, Sprague-Dawley................. 20.7 65.0 
Dog (Canis familiaris)................ 26.5 29.5 
Rabbit (Oryctolagus cuniculus)........ 25.6 33.4 
Hamster (Cricetus cricetus)............ 23.7 44.0) 
Hamster, hibernating................. 22.4 50.7 
Man (fomo sapiens), 5-month fetus... 0 0 
Man (Homo sapiens), hydrocephalus . . ee 17.4 
Man (/lomo sapiens), Fanconi syn- 


activi 


\ 

eX 
ti 

a 
ti 
tel 
pu 
wa 
en 
12 
wh 
ak 
The 
the 
un 
Hir 
the 
thic 
here 
sur 
tem 
ml., 
tisst 
thei 
ure 
tein 
the 
unde 
ditic 
Spri 
Hes: 
ho 
e 
gni 
ou 
PW 
ese 
fa 
mé 
( 
ou} 
ps 
t 
di 
In 
ve 
dy 
re, 
an 
art 
np 
ns 


wi | March 1959 


examine some kidneys of human origin. 


Two 5-month-old 


fetuses obtained shortly after abortion showed no transpeptidase 


activity. However, a kidney obtained at a surgical interven- 
tion for hydrocephalus in a child (2 months old) was active, but 


a biopsy sample in a case of the rare Fanconi syndrome (23- 
month-old child) showed a lower activity. 


‘ Hess reaction to determine cysteinylglycine formation. 


significantly. 


No transpeptidase activity was found in commercial prepara- 
tions of trypsin, chymotrypsin, carboxypeptidase, pepsin, cys- 
teine-activated papain, protease, or pancreatin. A_ highly 
purified preparation of renin, kindly sent to us by Dr. E. Haas, 
was also inactive as was a sample of pankrin, the new pancreatic 
enzyme, kindly furnished by Drs. Grant and Robbins (11). 


DISCUSSION 


Hanes et al. (12) showed by paper chromatography that 
y-glutamyl peptides were formed by a variety of amino acids 
when these amino acids were allowed to react in the presence of 
a kidney extract with glutathione or other y-glutamy] peptides. 
The data presented here permit a quantitative comparison of 
the ability of a variety of amino acids and related compounds to 
undergo such a transpeptidation reaction with glutathione. 
Hird and Springell (7) have previously made a similar study of 
the comparative reactivity of various amino acids with gluta- 
thione. Their results agree in some cases with those presented 
here. In other cases they disagree. This is perhaps not too 
surprising since their experimental conditions, namely pH 7.4, 
temperature 30°, amino acid concentration 132 umoles per 5 
ml., and kidney homogenate corresponding to 300 mg. of wet 
tissue per 5 ml., were markedly different from ours. Moreover, 
their method for following the reaction depended upon the meas- 
urement of cysteine formed in a secondary reaction from cys- 
teinylglycine. Fodor et al. (6) have also presented values for 
the comparative ability of various amino acids and peptides to 
undergo transpeptidation reactions. Their experimental con- 
ditions correspond more closely to ours than those of Hird and 
Springell (7). They used a modification of the Sullivan and 
On the 
whole their results and ours are in general agreement, although 
the precise relative activities of different amino acids vary 
Fodor et al. (6) carried out their reactions in 
the presence of 0.02 m KCN to prevent oxidation of sulfhydryl 
groups. These workers have indicated that cyanide may not 
he without effect upon the enzymatic reaction. We feel that 
these differences in results serve to emphasize the great variety 
of factors that come into play when such a comparative study 
is made with this system. Certainly of great importance is the 
pH of the reaction mixture in relation to the pK of the amino 
group of the compound undergoing transpeptidation (1). Per- 
haps of equal importance is the concentration of the reactants 
of the system as shown by the data presented here in Fig. 1 
and in Figs. 3 and 4 of the paper by Hird and Springell (7). 

In this laboratory the only tissues of all those examined which 
have shown y-glutamyl transpeptidase activity were kidney 
and pancreas. ‘This is true for a number of species. As shown 


here, no activity could be detected by the manometric procedure 


inany of the following tissues from the rat: liver, spleen, brain, 
heart, testicle, intestine, blood, salivary gland, stomach, and 
lvmph nodes. There seems little doubt now that y-glutamyl 
transpeptidase is identical with the factor showing antiglyoxalase 


—— activity first described by Dakin and Dudley (13) in 1913. 


J.P. Revel and E.G. Ball 
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These workers reported that this antiglyoxalase activity was 
present in the pancreas of man, dog, cat, rabbit, fowl, and toad. 
They also showed that pancreatic juice from the dog was active 
and postulated that this might account for activity found by 
them in the intestine. Woodward et al. (14) in 1935 reported 
that antiglyoxalase activity was present in the kidney and 
pancreas of the rabbit, horse, and pig. These workers at the 
same time confirmed the report of Girsavicius (15) that anti- 
glyoxalase activity was due to the destruction of glutathione, 
which acted as a coenzyme for the enzyme glyoxalase. Schroe- 
der et al. (16) reported that extracts of rat kidney, but not liver 
and spleen, were able to hydrolyze glutathione as measured by 
the glyoxalase reaction. Binkley and Nakamura (17) studied 
the hydrolysis of glutathione by means of the Sullivan reaction 
for the detection of the cysteinylglycine or cysteine released. 
In the rat they examined kidney, liver, spleen, heart, skeletal 
muscle, testicle, and thymus and found activity only in the 
kidney. In the pig, activity was found in the kidney and pan- 
creas, but not in the duodenum. Thus the results of all these 
workers are in agreement with our findings that of all tissues 
examined only the kidney and pancreas contain enzymes capable 
of hydrolyzing glutathione. On the other hand, Fodor et al. 
(6) have reported that they have prepared y-glutamy] trans- 
peptidase from sheep kidney cortex, calf liver, and sheep brain, 
but that kidney yielded the most potent extracts. We have 
not tested calf liver or sheep brain by our procedures. The 
only other tissue in which y-glutamyl transpeptidase activity 
has been reported is the lactating mammary gland. This find- 
ing of Hanes, et al. (12) has recently been confirmed by Bailie 
and Morton (18). 

From the data in the literature it would appear that y-glu- 
tamyl transpeptidase and conjugase are separate enzymes. 
Conjugase is the name given to an enzyme which cleaves the 
y-glutamy! linkage in glutamic acid conjugates of folie acid. 
According to Laskowski et al. (19), it is found in nearly all the or- 
gans of the rat, in contrast to y-glutamyl transpeptidase. Ka- 
zenko and Laskowski (20) have shown that the conjugase of 
chicken pancreas does not cleave glutamic acid from glutathione, 
but does cleave-1 molecule of glutamic acid from p-aminobenzoyl- 
y-glutamylglutamic acid or synthetic pteroyltriglutamate. 
These workers conclude that two terminal carboxylic groups of 
glutamic acid must be present in addition to a y-glutamyl 
linkage for conjugase to be active. 

The presence of y-glutamyl transpeptidase ‘activity in the 
pancreas raises the question as to whether this may be due to 
the action of some of the known proteolytic enzymes of this 
tissue. We have been unable, however, to detect any trans- 
peptidase activity in commercial crystalline preparations of 
trypsin, chymotrypsin, or carboxypeptidase, or in a preparation 
of pankrin, the new pancreatic enzyme described by Grant and 
Robbins (11). Whether this means that a specific y-glutamy] 
transpeptidase is present in pancreas in addition to these en- 
zymes must remain at the moment an open question since we 
have only tested each of these enzymes separately. It is possible 
that a certain combination of these enzymes might be responsible 
for the activity observed. Grassmann et al. (21), for example, 
have reported that pancreatic enzymes are able to cleave glycine 
from glutathione. It is possible that the dipeptide, y-glutamyl- 


cysteine, which is thus formed might be more susceptible to 
cleavage by one or more of the pancreatic enzymes than is 
glutathione. 
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SUMMARY 


A study has been made of the reaction of glutathione with 
amino acids and related compounds as catalyzed by the enzyme, 
y-glutamyl transpeptidase. p-amino acids do not undergo 
transpeptidation nor do they interfere with the reaction of the 
corresponding L form. In general the rate of the reaction of 
the L form increases with increasing amino acid concentration 
up to a certain level, although the relation of rate to concentra- 
tion varies from one amino acid to another. The relative rates 
at which 31 different amino acids and peptides undergo trans- 
peptidation have been quantitatively determined. No simple 
relationship between structure and reactivity is discernible. 
In general those compounds which possess an amino group with 
a low pK value are the most reactive, although there are striking 
exceptions to this correlation. Variations in the bulkiness or 
charge of the side chain of the compounds also seem to influence 
reactivity. Serine in the presence of borate inhibits the en- 
zymatic reaction. 
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the glutathione that disappears is matched by the glutamic 
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quantitatively the other product or products of the reaction 
-have not given consistent results. 
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Recent studies on the enzymic mechanisms of protein synthe- 
sis have emphasized the importance of the “activation” of the 
a-carboxyl groups of amino acids, 1.e. the conversion of the amino 
acids into reactive acylating agents. The work of numerous 
investigators (for a recent review, see Chantrenne (1)) has sug- 
gested that this activation process, which requires the partici- 
pation of adenosine 5’-triphosphate, involves the formation of 
a-aminoacyladenylates, which are thought to be the reactive 
amino acid derivatives in the biosynthesis of proteins from free 
In view of the present state of our knowledge, it is 
desirable to consider the possible role, in protein synthesis, of 
other low molecular weight derivatives of amino acids. In 
previous publications from this laboratory (2, 3), it was reported 
that intracellular proteolytic enzymes catalyze transamidation 
reactions of the type, 


RCO—NH, + NH2X = RCO—NHX + NH; 


where the first reactant is a suitable substrate, and the second 
It has been postulated 
(4) that such reactions involve the intermediate formation of 
reactive acyl-enzyme compounds (RCO—E). Recently, it has 
been shown that the N-terminal glycyl residue of the A chain 
of insulin can serve as an acceptor for an “‘activated” glycyl-L- 
tyrosyl group derived from glycyl-L-tyrosinamide, when this 
substrate is subjected to the action of beef spleen cathepsin C (5). 

In view of these findings, experiments were undertaken to ex- 
amine the “‘incorporation,”’ into subcellular fractions of rat liver 
homogenates, of C'-labeled amino acid residues derived from 
amino acid amides. As will be seen from Table I, when C'- 
L-tyrosinamide is incubated with the mitochondrial fraction, the 
mixed proteins become labeled, and the extent of labeling in- 
creases with the time of incubation. The omission of guanosine 
)'-triphosphate (6) from the incubation medium does not appear 
to inhibit the process, and labeling of the proteins was observed 
in the presence of 2,4-dinitrophenol (7). On the other hand, 
the addition of 0.02 m hydroxylamine markedly reduced the ex- 
tent of labeling, presumably by competing with the proteins for 
reactive acyl groups. The enzymic nature of the reactions lead- 
ing to the labeling of the proteins is suggested by the fact that 
the mitochondrial fraction loses its capacity to “incorporate” 
(“tyrosyl residues upon being heated at 100° for 3 minutes. 
It appears probable that the enzyme-catalyzed reaction respon- 
sible for the labeling is a transamidation reaction effected by an 
aminopeptidase of a type previously found in animal tissues 
(8,9). As shown in Table II, L-tyrosinamide is readily deami- 


* Postdoctoral Fellow of the Greek Fellowship Foundation. 


dated by mitochondrial preparations, under the conditions of the 
incubation experiments with the labeled compound. For com- 
parison, data on the action of the preparation on several other 
amino acid amides are included in Table II. 

To perform experiments on the incorporation of C'-.L-tyrosyl- 
adenylate into mitochondrial proteins, it was necessary to de- 
vise a more satisfactory chemical synthesis than those available 
(for a review, see Wieland and Pfleiderer (10)) at the time these 
studies were begun. The procedure finally developed involves 
the reaction of carbobenzoxy-L-tyrosine (or of carbobenzoxy- 
glycyl-L-tyrosine) with adenosine 5’-monophosphate in the pres- 
ence of a slight excess of N ,N’-dicyclohexylcarbodiimide, fol- 
lowed by catalytic hydrogenolysis of the coupling product. A 
brief account of this method was published previously (5); the 
details are given in the experimental section of the present com- 
munication. A similar procedure was developed independently 
by Castelfranco et al. (11), and recently Berg (12) has described 
the use of the carbodiimide method to couple free amino acids 
and adenosine 5’-monophosphate. 

All the analytical data given in the experimental section are 
consistent with the view that the products obtained represent 
the expected acid anhydrides. That the acylation did not in- 
volve the amino group at position 6 of the purine ring is indi- 
cated by the similarity between the absorption spectra of the 
adenylate and of adenosine 5’-monophosphate (maximum at 
260 mu), whereas 6-acetaminoadenine and adenine differ mark- 
edly, with maxima at 280 my and 260 muy, respectively The 
possibility that the acylation was effected at the 2’- or 3’-hy- 
droxyl of ribose is rendered unlikely by the extremely rapid re- 
action of the adenylates with aqueous ammonia to yield the ex- 
pected amides in nearly quantitative yield. 

When the mitochondrial fraction of rat liver homogenates was 
incubated with C™-tyrosyladenylate, the proteins were found to 
be labeled (Table I); however, this ‘‘incorporation” does not ap- 
pear to be enzymic in nature, since prior heat treatment of the 
mitochondrial fraction does not abolish the labeling, as in the 
case of the amide, but instead markedly enhances it. This re- 
sult may be attributed to the heat denaturation of the mito- 
chondrial proteins, with a consequent increase in the number of 
protein groups (probably amino groups) available for substitu- 
tion by the acylating agent. Consistent with this view is the 
observation that the carbobenzoxy derivatives of C'*-labeled 
tyrosyladenylate and glycyltyrosyladenylate also cause labeling 
of the mitochondrial protein. Furthermore, when mitochondrial 
protein labeled by means of C'*-tyrosyladenylate was treated 
with 1-fluoro-2,4-dinitrobenzene and then subjected to acid 
hydrolysis, 85 to 90 per cent of the radioactivity was found in 
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TABLE I 
Labeling of mitochondrial proteins by C}4-tyrosine derivatives 
Radioactivity per mg. protein 
Change in 
me 0 min. min. | min. | min. | min. 
C.p.m.| C.p.m.) C.p.m.| C.p.m. 
L-Tyrosinamide 5 15} 96 
—GTP 5 17 | 44 
+NH.OH 5 13 
+ Dinitro- 3 13 39 
phenol 
Heated mito-) 0 4 2 
chondria 
L-Tyrosyladenylate 2 195 | 195 | 154 
—GTP 183 
+NH-.OH 0 
Heated mito-| 1 1261 |1453 
chondria 
Glycyl-L-tyrosyl- 7 68 
adenylate 
Carbobenzoxy-.L- 196 
tyrosyladenylate 
Carbobenzoxyglycyl- 4 58 
L-tyrosyladenylate 
L-Tyrosine 2 3 
Glycyl-L-tyrosine 4 4 
TaBLeE II 
Deamidation of amino acid amides by mitochondrial preparation 
Deamidation 
Substrate Added substances 
30 min. 60 min. 
% % 
L-Tyrosinamide..... None 47 77 
0.01 M cysteine 31 48 
0.02 Mm hydroxylamine 15 24 
0.001 M iodoacetate 42 60 
L-Leucinamide...... None 73 S4 
L-Argininamide.....|None 10 21 
Glycinamide........ None 2 3 


the form of ether-soluble material identical with O, N-di(dinitro- 


pheny]l)-L-tyrosine. 


Similar nonenzymic acylation by amino 


acid adenylates has been found for microsomal preparations by 
Castelfranco et al. (11). 


EXPERIMENTAL 


Preparation of C'*-Labeled 1-Tyrosinamide—Uniformly C™- 
labeled .L-tyrosine (Nuclear-Chicago Corporation) was mixed 
with unlabeled L-tyrosine to give material having about 33,000 
c.p.m. per umole, and converted to the ethyl ester (m.p., 108- 


109°) in the usual manner. 


The ester (100 mg.) was dissolved 


in 15 ml. of anhydrous methanol previously saturated with NH; 


at 0°. 


After the tightly stoppered flask had been kept at room 


temperature for 48 hours, the solution was evaporated to dry- 
ness, and the crystalline residue was recrystallized from an- 
The yield was 82 mg.; m.p., 153-154° 
(reported, 153-154° (13)); specific radioactivity, 31,000 ¢.p.m. 


hydrous methanol. 


per umole. 
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Preparation and Properties of Carbobenzoxy-t-tyrosyladenylate~ 
To 0.88 gm. (2.5 mmoles) of adenosine 5’-monophosphate (Sigm, 
Chemical Company) in 30 ml. of an aqueous solution containing 
6 ml. of pyridine, was added a solution of 0.8 gm. (2.5 mmoles) 
of carbobenzoxy-L-tyrosine (14) in 30 ml. of purified tetrahydro. 
furan, followed by 0.6 gm. (3 mmoles) of N ,N’-dicyclohexyl. 
carbodiimide (Schwarz Laboratories, Inc.). The clear solution 
was left in the ice chest for 18 hours, the dicyclohexylurea (649 
mg.; 97 per cent) was filtered off, and the filtrate was evaporated 
to dryness under reduced pressure at 5°. After the residue had 
been washed three times with 30-ml. portions of cold ether, it 
was extracted with eight successive 50-ml. portions of cold metha- 
nol. The unchanged adenosine 5’-monophosphate was filtered 
off, and the methanol solution was concentrated to dryness 
under reduced pressure. The methanol extraction, followed by 
evaporation, was repeated twice more, and the resulting product 
after being washed with cold acetone and cold ether, was dried 
over P.O; in a vacuum, and stored in sealed ampoules. The 
yields ranged between 25 and 35 per cent. 

Several preparations obtained in this manner gave analytical 
data indicating the purity of the expected compound to range 
between 70 and 90 per cent, based on the elementary composition 
Co;H2gOnNeP (molecular weight, 644.6). For example, one 
sample gave 1.31 uwmoles of hydroxamate (15) per mg.; theory, 
1.55 umoles. The tyrosine content (Folin-Ciocalteu method) 
of the sample was 23.4 per cent; theory, 28.0 per cent. The 
molar absorbance in water at 260 mu was 13,900. When sub- 
jected for 2 hours to paper electrophoresis (1000 volts, 25 ma.) 
at pH 6.2 (10 pyridine:1 acetic acid:89 water), the preparation 
was found to contain two negatively charged components de- 
tectable with ultraviolet light. The one 25 mm. from the origin 
also gave the hydroxamate reaction and is assigned to the ex- 
pected adenylate; the other (52 mm. from the origin) did not 
react with hydroxylamine and is adenosine 5’-monophosphate. 

On treatment of 60 mg. of the adenylate (85 per cent pure) 
with 5 ml. of 14 per cent aqueous ammonia for 5 minutes at room 
temperature, 23 mg. of carbobenzoxy-L-tyrosinamide were ob- 
tained. The yield was 80 per cent; m.p., 158-162°; no depres- 
sion of melting point upon mixture with an authentic sample. 


Preparation and Properties of Carbobenzoxryglycyl-1-tyrosyl-| 


adenylate—The synthetic procedure was similar to that described 
for carbobenzoxy-L-tyrosyladenylate, except that 1.44 mmoles 
of adenosine 5’-monophosphate and of carbobenzoxyglycyl-.-ty- 
rosine (m.p., 106—-108° (16)) were coupled in the presence of 1.) 
moles of the carbodiimide. The yields ranged between 25 and 40 
per cent, and the purity was 90 to 98 per cent, based on the ele- 
mentary composition CH 320..N7P (molecular weight, 701.6). 


Caleulated: P 4.57, N 14.0, tyrosine 25.6 
Found: P 4.48 (Fiske-SubbaRow), N 14.2 (Kjeldahl), N 14! 
(Dumas), tvrosine 26.3 (Folin-Ciocalteu) 


The reaction with hydroxylamine gave the hydroxamate in % 
per cent of the theory. The molar absorbance in water at 26! 
my was 13,700. Upon brief treatment with aqueous ammonia, 
the expected amide (m.p., 168-170° (17)) was obtained 10 
90 per cent yield. The electrophoretic mobility of the carbo 
benzoxyglycyltyrosyladenylate is the same as that of carbobenr 
oxytyrosyladenylate. At pH 7.5 and 37°, in 60 per cent meth- 
anol, the half-time of hydrolysis was found to be 3 hours, # 
determined by the Guggenheim method (18) from data obtaine! 
by means of a Radiometer TTT autotitrator. 
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Hydrogenolysis of Carbobenzoxy Derivatives—Samples (100 mg.) 
were suspended in 20 ml. of cold methanol containing 8 to 10 
mmoles of giacial acetic acid per mmole of adenylate, and the 
hydrogenolysis was conducted at 0-4°, in the presence of freshly 
prepared spongy palladium catalyst. After the reaction was 
completed (about 2 hours), the catalyst was removed by filtra- 
tion, washed with cold methanol, and the filtrate was evaporated 
to dryness in a vacuum at 5°. The residue was extracted with 
eold acetone, dried, and kept in evacuated sealed ampoules. 
The resulting products were found to be 75 to 88 per cent pure, 
as judged by analytical data for hydroxamate formation, phos- 
phate, and tyrosine. 

Preparation of C'4-Labeled Adenylates—The methods described 
above were used, the L-tyrosine derivatives having been pre- 
pared from uniformly labeled L-tyrosine. The specific radioac- 
tivity of the labeled tyrosyladenylate was 12,000 c.p.m. per 
umole, and that of the labeled glycyltyrosyladenylate was 30,000 
c.p.m. per zmole. 

Other Compounds—C"-labeled glycyl-L-tyrosine was prepared 
from uniformly labeled L-tyrosine via the carbobenzoxydipeptide; 
specific radioactivity, 18,000 c¢.p.m. per wmole. The 
tyrosine used in the incubation experiments had 20,000 ¢.p.m. 
per pmole. Guanosine 5’-triphosphate was obtained from the 
Pabst Laboratories. L-Leucinamide acetate (19) and L-argin- 
inamide dihydrochloride (20) were prepared as described in the 
references cited. 

Preparation of Mitochondrial Fraction—Male Sprague-Dawley 
rats (approximately 60 gm.) were killed, and the combined livers 
were ground with 9 volumes of 0.25 m sucrose solution in a glass 
homogenizer with a loosely fitting pestle. The mitochondrial 
fraction was separated by differential centrifugation in the man- 
ner described by Schneider and Hogeboom (21) and was washed 
four times with 0.25 m sucrose, the mitochondrial pellet being 
resuspended by homogenization between washings. The pellet 
was finally suspended in 10 ml. of 0.25 m sucrose. The material 
obtained from 12 rats contained 43 to 50 mg. of nitrogen (Kjel- 
dahl), or about 250 to 300 mg. of protein. 

Incubation Experiments with Labeled Compounds—Unless 
otherwise stated, each incubation mixture (1 ml.) contained 5 
ymoles of labeled compound, 0.1 ml. of the mitochondrial sus- 
pension, 50 wmoles of tris(hydroxymethyl)aminomethane (pH 
7.5), 5 pmoles of KCI, 5 umoles of MgCle, and 0.2 umole of 
guanosine 5’-triphosphate. All the incubations were done in 
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duplicate and were shaken for the indicated time at 38°. In 
some experiments, hydroxylamine (20 umoles) or 2,4-dinitro- 
phenol (0.05 pmole) was added. When the mitochondrial prepa- 
ration was heated before incubation, all the components of the 
mixture except for the labeled compound were present; after 
the mixture had been heated in a steam bath for 3 minutes, it 
was chilled, the labeled compound was added, and the incuba- 
tion was conducted at 38° as before. 

Determination of Radioactivity of Protein Samples—At the end 
of the incubation period, each mixture was chilled and trichloro- 
acetic acid was added to give a final concentration of 5 per cent. 
The precipitate was washed 4 times with cold 5 per cent tri- 
chloroacetic acid, once with hot (90°) trichloroacetic acid, and 
dissolved in 4 ml. of 0.4 N NaOH. Unlabeled t-tyrosine or 
glycyl-L-tyrosine (25 umoles in 0.5 ml.) was added to wash out 
adsorbed radioactivity, and the protein was reprecipitated by 
the addition of 1 ml. of 50 per cent trichloroacetic acid, and was 
washed successively with ethanol, ethanol-ether (3:1), and ether. 
For counting, the protein sample was plated on a 1-cm.? surface 
of an aluminum planchet, and the radioactivity was deter- 
mined with a Packard gas flow counter (background, 13 ¢.p.m.). 
The measured counts were corrected for self-absorption. 

Deamidation of Amino Acid Amides—The incubation mixtures 
contained, per ml., 5 uwmoles of amide, as well as the other com- 
ponents (except the labeled compound) present in the experi- 
ments on the labeling of the mitochondrial proteins. Samples 


~were withdrawn at intervals, and the NH,* was determined by 


the Conway procedure (15). A control experiment without 
added amide also was run, and the values obtained were sub- 
tracted from those found in the presence of the amide. All ex- 
periments were conducted in duplicate at 38°. 


SUMMARY 


L-Tyrosyladenylate and glycyl-L-tyrosyladenylate have been 
synthesized by coupling carbobenzoxy-L-tyrosine or carbobenz- 
oxyglveyl-L-tyrosine with adenosine 5’-monophosphate, followed 
by catalytic hydrogenolysis of the coupling products. The 
“incorporation” of the amino acid portions of such C-labeled 
adenylates into the proteins of a rat liver mitochondrial prepara- 
tion was found to be a nonenzymic acylation. In contrast, the 
“incorporation” of C'™-L-tyrosyl residues of tyrosinamide is an 
enzymic process, presumably involving a peptidase-catalyzed 
transamidation reaction. 
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The conversion of imidazole glycerol phosphate to histidine 
has been shown to constitute the pathway of histidine synthesis 
in several species of microorganisms. The sequence of inter- 
mediates along this route, as well as the detailed mechanism of 
many of the individual steps, is known (1-4). However, there 
is little information available concerning the synthesis of the 
first isolated intermediate, imidazole glycerol phosphate. This 
compound is of particular interest since its biogenesis involves 
both the formation of the carbon backbone of histidine and the 
synthesis of the imidazole ring. 

In order to obtain information relating to the early steps in 
histidine synthesis, we have been studying the incorporation 
of nitrogen into histidine, from various N'-containing metabo- 
lites. In preliminary communications we have presented evi- 
dence that one of the nitrogen atoms (N-1)! of the imidazole ring 
of histidine is derived from the amide group of glutamine (7) 
and that the other (N-3) can originate (along with imidazole 
C-2) in a fragment derived from N-1, C-2 of a purine (8). The 
present report deals with these observations and with a discus- 
sion of the relationship between purine and histidine biosynthe- 
sis. 

EXPERIMENTAL 
Materials 


Carbobenzoxy-t-glutamine Benzyl Ester Amide-N'°—This was 
prepared by coupling carbobenzoxy-a-benzyl-L-glutamate with 


* This work was supported by a grant from the National Insti- 
tute of Neurological Diseases and Blindness (Grant No. B-226) 
of the National Institutes of Health, United States Public Health 
Service, and by a contract between the Office of Naval Research 
and the New York State Psychiatric Institute. Taken from the 
doctoral dissertation of Amos Neidle, Columbia University. 

1 The following numbering system is used for the imidazole ring 
of histidine. 

NH, 


N? "NH H 


Ms 7 
CH 


It should be pointed out that an alternative system of ring nomen- 
clature in which the numbers of the two ring nitrogens are inter- 
changed is also in common use. This ambiguity has led to some 
confusion in the recent literature (5). Our principal reason for 
favoring the above numbering is that it leads directly to the 
“‘Chemical Abstracts” usage for substituted histidines, e.g. an- 
serine is indexed as N-f-alanyl-l-methylhistidine. For further 
discussion see Hoffman (6). 


ammonia with use of the mixed anhydride procedure (9). Since 
the coupling reaction can be carried out in the presence of water, 
N'-ammonium nitrate was employed without its prior con- 
version to anhydrous ammonia. Ethyl chlorocarbonate (1.46 
gm., 0.0135 mole) was added, dropwise, to a cooled solution 
(0°) of carbobenzoxy-a-benzyl-L-glutamate (10) (5.0 gm.,, 
0.0135 mole) and tri-n-butylamine (2.5 gm., 0.0135 mole) in 
tetrahydrofuran (40 ml.). After 10 minutes at 0° a cooled 
solution of ammonium nitrate (1.08 gm., 0.0135 mole, 32.5 
atom per cent excess N!*), tri-n-butylamine (2.5 gm.), tetra- 
hydrofuran (40 ml.), and water (4.0 ml.) was added slowly. 
The reaction mixture was kept at 0° for 15 minutes and then 
allowed to come to room temperature. After standing for an 
additional 30 minutes the solution was poured into 200 ml. of 
water. The resulting suspension was kept at 4° for 18 hours 
and the solid material removed by filtration and dissolved in 
ethyl acetate. The solution was washed with 5 per cent HCl, 
water, 5 per cent NaHCOs;, and again with water, and dried 
over anhydrous Na,SO,. Upon evaporation 4.4 gm. of product 
were obtained which, after recrystallization from hot water, 
yielded 3.2 gm. of colorless needles (65 per cent based on car- 
bobenzoxy-a-benzy] glutamate), m.p. 136-—37°. 


CopH22N205 (370) 
Calculated: C 65.0, H 5.9, N 7.6%? 
Found: C 65.3, H 6.2, N 7.7% 


t-Glutamine Amide-N'*—The above intermediate (3.0 gm., 
0.0081 mole) was hydrogenated in the presence of palladium 
black in methanol-water containing a trace of glacial acetic acid 
and the product recrystallized from water-ethanol. The yield 
was 1.1 gm. (0.0075 mole, 93 per cent). 


C;HyoN20; (146.4, corrected for 
Calculated: C 41.1, H 6.9, N 19.2% 
Found: C 40.9, H 7.2, N 19.0% 

N'5 32.5 atom per cent excess 


pt-N'*-Glutamic Acid Hydrochloride—A preparation was ob- 
tained from a-ketoglutarie acid by reductive amination with 
palladium on charcoal used as the catalyst (11). 


CsH,oNO,Cl (183.6, corrected for 
Calculated: C 32.7, H 5.5, N 7.6, Cl 19.4% 
Found: C 32.9, H 5.7, N 7.7, Cl 19.3% 

N'5 32.5 atom per cent excess 


2 Analyses were performed by the Schwarzkopf Microanalytical 
Laboratory, Woodside, New York. 
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Glycine-N'*—This was prepared from phthalimide-N!* and 
ethyl chloroacetate (11). 


(75.4, corrected for N!5) 
Calculated: C 32.0, H 6.7, N 18.7% 
Found: C 32.2, H 6.7, N 18.9% 

N'5 33.3 atom per cent excess 


Guanine Amino-N'*—This preparation was obtained from 
2.S-methyl hypoxanthine and N!°H; with the use of a method 
analogous to that employed by Elion et al. (12) for the prepara- 
tion of amino substituted guanines. A suspension of 2-S- 
methyl hypoxanthine, 400 mg. (we are indebted to Dr. G. H. 
Hitchings for a sample of this compound), in 5 ml. of methanol 
containing 8 per cent N!°H; (32.5 atom per cent excess) was 
heated for 48 hours in a sealed tube at 145 to 150°. Ether was 
added and the solid material (268 mg.) filtered and air dried. 
The product was dissolved in 80 volumes of hot 0.3 N HCl and, 
while still hot, 5 n NH,OH was added until the solution was 
faintly alkaline. After 6 hours at 4° the solid (140 mg.) was 
removed by filtration. The ultraviolet spectrum of this ma- 
terial in 0.1 N HCl showed a considerable increase in guanine 
content, as evidenced by a shift of the peak toward 250 my and 
the appearance of the characteristic point of inflection at 270 
mu (13). Additional precipitations from 0.3 N HCl did not 
increase the purity of the product. The material was dissolved 
in 20 volumes of 0.3 N HCl and 1.5 volumes of ethanol were 
added; and after storage for 4 hours at 4°, the precipitate was 
filtered. Upon addition of an excess of acetone and ether to 
the filtrate, 80 mg. of a material were obtained which gave a 
spectrum identical to authentic guanine (in both 0.1 Nn HCl 
and 1 nN NaOH). 


(223.9, corrected for 
Calculated: N 31.8% 
Found: N 31.0% 
N!5 6.25 atom per cent excess (96 per cent of theory) 


1,3-N'°-zanthine—This was prepared from 1,3-amino-N!- 
guanine (a sample of which was kindly given to us by Dr. G. B. 
Brown) by treatment with nitrous acid. The method was 
essentially that of Fischer (14). However, by using a dilute 
hydrochloric acid solution for the reaction, a product was ob- 
tained which contained only a very faint trace of the yellow 
impurity that is quite pronounced when the original conditions 
are employed. Guanine sulfate (40 mg., 12.2 atom per cent 
excess N!5) was admixed with 115 mg. of guanine and dissolved 
in 185 ml. of hot 2 Nn HCl. After the solution was cooled to 
room temperature, 116 mg. of NaNQOz were added in small por- 
tions. The solution was kept at room temperature for 4 hours 
and then evaporated to dryness in a vacuum. After repeated 
trituration of the solid material with small portions of cold water, 
133 mg. of material having an ultraviolet spectrum identical 
to that of xanthine were obtained. 


C;H4N,O2 (152.3, corrected for 
Caleulated: C 39.4, H 2.6, N 36.9% 
Found: C 39.4, H 2.9, N 37.0% 


Guanine-2-C' and Guanine-1 ,3-amino N'°\—These were kindly 
made available to us by Dr. G. B. Brown. 
Aspartic Acid-N'*—This was a gift from Dr. S. Graff. 
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Methods 


Microbiological Techniques—For incorporation experiments a 
wild strain of Escherichia coli was transferred successively to 
two nutrient agar slants containing glucose, yeast extract, and 
phosphate buffer (15) and then to 10 ml. of nutrient broth. 
After 18 hours of incubation at 37°, with shaking, this culture 
was used to inoculate 1 |. of minimal medium (16) containing a 
vitamin mixture (17). After 8 hours, 250 ml. of the latter cul- 
ture were added to 1 |. of the same medium along with 150 to 
350 umoles of N'*-labeled substrate. The substrate addition 
was repeated at the end of 1 hour. When growth had reached 
the level of the inoculating culture (3 to 4 hours), as indicated 
by optical density measurements, the cells were harvested by 
centrifugation. After washing (18) with hot and cold trichloro- 
acetic acid, ethanol, ethanol-chloroform-ether (2:2:1), and 
ether, about 400 mg. of crude protein residue per |. of culture 
were obtained. 

Isolation of Histidine—The crude protein was hydrolyzed for 
24 hours in 6 N HCl and after the solution was evaporated to 
dryness, the residue was taken up in water, neutralized with 
NaOH, and the histidine precipitated as the mercury salt (19). 
The salt was decomposed with hydrogen sulfide, and the filtrate 
evaporated to dryness. The residue was then dissolved in a 
small volume of water and histidine reprecipitated as the bis- 
3,4-dichlorobenzenesulfonate (20). After two recrystalliza- 
tions from hot water the yield was about 20 mg. of disulfonate. 
The isolated histidine derivative gave the correct Kjeldahl nitro- 
gen analysis (6.9 per cent) and was indistinguishable from an 
authentic sample by chromatography in several solvent systems. 
However, the best indication of the purity of the isolated prod- 
uct comes from the quantitative recovery of ammonia on treat- 
ment with histidase (see below). The solution after enzymatic 
digestion gave the expected ultraviolet spectrum corresponding 
to urocanic acid (21). 

Histidine Degradation—The isolated histidine disulfonate 
was converted first to urocanic acid by the action of histidase 
(21). After removal of the liberated ammonia which corresponds 
to the a-amino group of histidine, the urocanic acid solution was 
treated with Pseudomonas fluorescens extract which converts 
urocanic acid to glutamic acid (containing nitrogen originating 
in histidine N-1), formate, and ammonia corresponding to 
histidine N-3 (22). Both histidase and the enzymes responsible 
for the further degradation of urocanic acid are present in 
high concentrations in Pseudomonas extracts when the organ- 
isms are grown on histidine as the major carbon source. Since 
heating destroys the ability of the bacterial extract to decompose 
urocanic acid, heated extract was used as a source of histidase; 
fresh unheated extract was then used to complete the histidine 
degradation. 

Incubations with histidase were carried out at room tempera- 
ture in ammonia aeration tubes (23). Each tube contained 
disulfonate (3 mg., 4.9 uwmoles), heated P. fluorescens extract 
(24) (0.3 ml.), sodium thioglycolate (3.0 umoles), and sodium 
pyrophosphate buffer (30 uwmoles, pH 9.0) in a final volume of 
2 ml. After 1.5 hours the tubes were made alkaline with 0.2 
ml. of 2 N NaOH, a small amount of silicone stopcock grease was 
added to prevent foaming, and the ammonia was transferred by 
aeration to tubes containing 2 ml. of 2 per cent borate buffer 
and indicator (23). After correcting for the enzyme blank, 


the ammonia recovered corresponded to 100 per cent + 3 per 
cent of the theoretical quantity to be expected from the a-amino 


nce 
ter, 
on- 
46 
ion 
m., 
in 
led 
2.5 
Ta- 
ly. 
en 
an 
of 
urs 
in 
Cl, 
ied 
uct 
er, 
a;r- 
m 
id 
old 


588 


group of histidine. No ammonia was liberated from controls 
containing urocanic acid. For N!* determination the ammonia 
was recovered from the borate buffer, after titration, by distilla- 
tion from alkali in the Kjeldahl apparatus. 

After removal of the ammonia liberated by histidase, the di- 
gests were neutralized with hydrochloric acid and fresh un- 
heated Pseudomonas extract (0.3 ml.) and phosphate buffer 
(0.3 ml., 30 wmoles, pH 7.5) were added to each tube. After 
2 hours of incubation at room temperature the reaction mix- 
ture was made strongly alkaline and the ammonia transferred 
to borate buffer, titrated, and recovered as described above. 
The recoveries varied between 80 and 95 per cent and corres- 
ponded to the recoveries from standard samples of urocanic 
acid. 

The N** content of histidine N-1 was determined by difference, 
7.e. by subtraction of the N'® atom per cent excess in N-3 and 
the a-amino group from 3 times the average N!* atom per cent 
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excess found in the whole molecule. The latter quantity was 
obtained after Kjeldahl digestion of the histidine disulfonate. 
The N° content of histidine N-1 was also obtained directly by 
analysis of glutamic acid isolated (25) from the final enzyme 
digest. The values obtained by analysis were in good agree. 
ment with the calculated N'® atom per cent excess (Table I). 
Isotope Determinations—The N'* content of the ammonia 
samples was determined in a Process and Instruments mass 
spectrometer that was kindly made available to us by Dr. §, 
Graff. Samples were corrected for air (when necessary) by 
use of a factor based on the height of the argon peak. Ammonia 
was converted to nitrogen by oxidation with hypobromite (26), 
Carbon-14 was measured in a thin window gas flow counter 
(Nuclear-Chicago). Less than 0.5 mg. of sample dissolved jn 
H.0 was spread on aluminum planchets and allowed to dry, 
No corrections for self-absorption were found to be necessary. 


TABLE 
Incorporation of various N‘'5-containing substrates into histidine 


Histidine position 
Substrate* uMolest Average a-Amino N-19 N-3 
Atom per Incorpora- Atom per Incorpora- Atom per Incorpora- Atom per Incorpora- 
cent excesst tion cent excess tion cent excess tion cent excess tion 
% %o % % 
1 Glutamine amide-N!5|| Bee 2.10 8.1 0.71 2.8 5.0 19 0.55 2.1 
2 Glutamine amide-N'!® 712 2.68 10.3 0.89 3.4 | 6.3 24 | 0.82 3.1 
3 Glutamine amide-N!® + 712 2.80 10.7 1.00 3.8 6.8 26 | 0.57 2.2 
asparagine® 
4 Glycine-N!5 720 0.00 0.0 | 
5 Glutamic acid-N'® 720 1.51 5.8 2.04 7.8 0.39 1.5 2.10 8.1 
6 Glutamie acid-N'5 720 1.60 6.2 1.97 7.6 0.78 3.0 2.05 7.9 
7 Aspartic acid-N!5 720 2.17 9.2 2.20 9.3 0.80 3.4 ; 3.51 14.8 
S Aspartic acid-N?!5 720 2.30 9.9 2.12 9.1 0.94 4.0 3.84 16.5 
Guanine 1,3-amino-N!® 280 1.38 8.0 0.00 0.0 0.07 0.4 4.07 24.0 
10 Guanine amino-N'> 280 0.15 0.6 
11 Xanthine-1,3-N?#5 390 0.12 0.00 0.0 0.02 0.7 0.33 10.2 
12 Aspartic acid-N'5 plus b 2.02 8.6 2.25 9.7 1.10 4.7 2.71 11.6 
guanine 
13 Aspartic acid-N'® plus . 1.97 8.5 2.25 9.7 0.63 2.7 3.03 12.9 
guanine 
14 Aspartic acid-N!® plus 6 1.98 8.5 1.81 7.8 1.22 5.2 3.16 13.5 
guanine 
15 Aspartic acid-N!® plus 2.39 10.0 2.91 12.5 0.67 3.59 15.5 
guanine 


* The N}5 atom per cent excess in the substrates were as follows: glutamine amide-N?!5, 32.5 per cent; glycine, 33.3 per cent; glu- 
tamic acid, 32.5 per cent; aspartic acid, 29.1 per cent; guanine 1,3-amino N!5, 20.4 per cent (in each labeled position); guanine amino- 


N?}5, 31.2 per cent (in amino group); xanthine 1,3-N15, 4.1 per cent. 
The total amount added is given. 


+ Additions were made in two equal portions. 


The medium contained 106 mmoles of ammonia per I. 


t Samples were diluted 3- to 5-fold with ammonia before analysis. 
§ The percentage of the nitrogen which is derived from N?5-labeled substrate corrected for dilution by the inoculum (about 20 per 


cent of the 500 mg. of protein isolated in each experiment). 


€ N}5 atom per cent excess in position N-1 is calculated by difference, e.g. for experiment 1,3 K 2.1 — 0.71 — 0.55 = 5.0. 
|| In Experiment 1, the N'5 content of N-1 was also obtained from the glutamic acid isolated from the final enzyme digest. This 


value was in good agreement with that calculated by difference. 
excess. 


The N!® content of protein glutamic acid was 0.73 atom per cent 


¢ Asparagine (8 gm./].) replaced ammonia as the major nitrogen source. 
+ In Experiments 12 to 14, 720 umoles of N!*-aspartic acid were added in two portions along with, respectively, 0.5, 1, and 3 equiva 


lents of unlabeled guanine. 


¢ 720 umoles of N!5-aspartic acid were added in two portions to a medium which contained 0.5 mmoles of guanine per I. 


lum was also grown in a guanine-containing medium. 


The inocu- 
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RESULTS AND DISCUSSION 


Incorporation of Amide-N'® Glutamine—When E. coli was 
grown On minimal medium in the presence of amide-N!> gluta- 
mine, a marked incorporation of N?!® into histidine was found, 
despite the presence of a large excess of unlabeled ammonia 
(Table I, Experiments 1 and 2). Of the amide nitrogen incor- 
porated, 80 per cent was found in position N-1 of the imidazole 
ring of histidine. The extent of N'*-labeling corresponded to 
19 to 24 per cent of the nitrogen of this position originating in 
the amide group of exogenous glutamine. Since position N-3 
of the imidazole ring, and the a-amino groups of histidine and 
protein glutamic acid showed approximately the same N!® in- 
corporation, it is likely that this labeling is a measure of the con- 
tribution of the amide group of the added glutamine to the intra- 
cellular ammonia pool. Imidazole ring N-1, therefore, appears 
to be the only position in the histidine molecule to which gluta- 
mine amide nitrogen makes a direct contribution. 

In order to determine whether asparagine is able to compete 
with glutamine as a specific donor of N-1, the incorporation of 
amide-N'® glutamine was studied with a growth medium in 
which asparagine replaced ammonia as the major nitrogen source 
(Table I, Experiment 3). The large excess of asparagine did 
not decrease the N?!* incorporation relative to that found when 
ammonia and labeled glutamine were the source of nitrogen. 
This result indicates that asparagine cannot replace glutamine 
as an amide donor for position N-1 of histidine. It also argues 
against the possibility that the amide group of glutamine is in- 
corporated by way of the cell’s ammonia pool. If this were the 
case, the substitution of asparagine for ammonia should reduce 
the transfer of N!° from glutamine to histidine. 

Incorporation of a- Amino Nitrogen—When the organisms were 
grown on a medium containing labeled ammonium nitrate and 
unlabeled glutamine, it was found that the incorporation of 
N-ammonia was depressed in all three histidine positions (Table 
Il). Since the amide nitrogen of glutamine contributes primarily 
to histidine N-1, the depression of N!® incorporation in the a- 
amino group and N-3 of histidine suggested that the a-amino 
group of glutamine may be a source of nitrogen for the latter 
two positions. 

L-Aspartic and pi-glutamic acids were also found to label the 
a-amino group of histidine and N-3 of the imidazole ring (Table 
I, Experiments 5-8). Glutamic acid nitrogen appears to con- 
tribute about equally to N-3 and to the a-amino group of histi- 
dine. Aspartic acid, however, labels N-3 more strongly than the 
a-amino group. The extent of N'*-labeling in N-3 indicated 
that 8 and 16 per cent of the nitrogen of this position came from 
exogenous pL-glutamic and L-aspartice acid, respectively. The 
contribution of glutamic and aspartic acid nitrogen to histidine 
does not take place via the cell’s ammonia pool. This is indi- 
cated by the low N!® concentration in imidazole N-1 which is 
derived from the amide group of glutamine and therefore gives 
a measure of the labeling of the ammonia pool. 

With glycine-N!® as substrate (Table I, Experiment 4) no 
label was found either in the imidazole ring or in the a-amino 
group of histidine. 

Utilization of N°-labeled Purines—The work of Broquist and 
Snell (27) which demonstrated a sparing effect of guanine and 
xanthine on the histidine requirement of Lactobacillus casei and 
Lactobacillus arabinosus indicated that the purine bases might 
serve as precursors of histidine in these organisms. Levy and 
Coon (28) have shown that this relationship does not entail the 
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TABLE II 


Reduction in utilization of N'*H;** for histidine synthesis 
by exogenous glutaminet 


Position 
Histidine average................. 82 18 
74 26 


* The ammonia of the medium contained 8.24 atom per cent 
excess 
t Glutamine was added in two portions, each of 342 umoles. 


(atom per cent excess in given position) 
xX 100. Sam- 
(atom per cent excess of ammonia in medium) 


ples were diluted 5-fold with ammonia before N!® analysis. 


transfer of the intact imidazole moiety of purines to histidine, a 
conclusion that is supported by the failure of N!*-glycine to label 
histidine in our experiments. More recently Mitoma and Snell 
(29) have demonstrated a direct transfer of C-2 from guanine to 
histidine in L. caset and Magasanik et al. (30) have reported simi- 
lar findings in F. colt and Aerobacter aerogenes. The question 
arises as to whether an adjacent nitrogen is transferred along 
with purine carbon-2.5 If N-3 and C-2 of the pyrimidine ring 
of a purine were utilized as a unit, the incorporation of the gluta- 
mine amide group into histidine might be explained since gluta- 
mine is the precursor of purine N-3 (32). Alternatively, the 
transfer of a 2-atom unit consisting of N-1 and C-2 of the purine 
to histidine would be consistent with the labeling of histidine 
N-3 by aspartic acid, since the latter amino acid serves as a pre- 
cursor of purine N-1 (33). 

When guanine equally labeled with N'* in positions 1 and 3 
and also in the amino group was tested as a substrate, it was 
found that the isolated histidine was strongly labeled, with N? 
appearing exclusively in N-3 of the imidazole ring (Table I, Ex- 
periment 9). Although the amount of guanine added to the 
medium was about one-third that used for testing the amino acid 
substrates, the incorporation of guanine was greater than that of 
the a-amino acids into N-3 and approximately equal to the in- 
corporation of the amide group of glutamine into position N-1. 
The extent of incorporation corresponded to 24 per cent of the 
nitrogen of histidine N-3 originating from exogenous guanine. 

In order to determine whether a carbon-nitrogen unit might 
be transferred from guanine to histidine, an experiment was per- 
formed with 2-C™-guanine and with the 1,3-amino N!-labeled 
compound as additions to the minimal growth medium. It was 
found that 1 atom of nitrogen originating in the N'*-labeled posi- 
tions of guanine was transferred for each atom of C™ incorporated 
into histidine (Table I11). 

The problem then arose as to whether or not a specific nitrogen 
atom of the three N!*-labeled positions in guanine was being 
transferred to histidine. For this reason guanine containing 
N!® exclusively in the amino group was prepared and tested as a 
histidine precursor. Only a trace of N'® was found in the iso- 
lated histidine (Table I, Experiment 10). This finding leaves 
only positions N-1 and N-3 (of the three labeled guanine posi- 


3 During the course of this work, Magasanik (31) reported that 
guanine can supply a nitrogen atom to position N-3 of histidine 
in a mutant of E. coli whose requirement for guanine can be spared 
by histidine. 
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TaBLE III N-3 was less than one-half that found in the corresponding gua- 
Incorporation of 1,3-amino-N15-2-C'4-guanine* into histidine nine experiment (Table I, Experiment 9). 
ni ‘ Although the contribution of aspartic and glutamic acid nitro- 
Specific activity wratio_—-s gen to histidine N-3 may occur by a pathway independent of the 
incorporation of purine N-1, it is possible that a single mecha- 
chordie pao C nism may t for th b ti i ine N-l i 

ssemeox | coms | bmi y account for these observations, since purine N-1 is 
cent excess| mole Atoms N derived from aspartic acid. This would be in keeping with the 

. fact that aspartic acid is a better substrate for histidine N-3 
Guanine 1,3-amino-N"5-2-C4...| 20.4+ 4600 than glutamic acid. However, it should be noted that we were 
Isolated histidine disulfonate...|  4.1t 1055 1.1 comparing a DL-amino acid (glutamic) with one of the L con- 
It is also possible that differences in up- 


* The labeled guanine was added in two portions, each of 140 
pmoles. 

tT In each labeled position. 

t In position N-3 of histidine. 


tions) available for transfer to histidine. It seems unlikely, 
however, that guanine N-3 forms part of the carbon-nitrogen 
fragment that is transferred to histidine, since the glutamine 
amide group labels only histidine N-1, and guanine labels posi- 
tion N-3 of histidine exclusively. Since the amide group of gluta- 
mine is the precursor of guanine N-3, the transfer of this nitrogen 
would have resulted in the labeling of histidine N-3 by the amide 
group of glutamine. These results indicate that positions C-2 
and N-3 of the imidazole ring of histidine can arise from a frag- 
ment originating in N-1, C-2 of guanine (or a related purine). 
The finding that 4-amino-5-imidazole carboxamide ribonucleo- 
tide accumulates in the culture medium during the incorpora- 
tion of guanine nitrogen into histidine (31) suggests that the 
amino group of guanine may play a role in histidine biosynthesis. 
This conclusion would not be consistent with the present data. 

Xanthine containing N!* in positions N-1 and N-3 was also 
found to serve as a precursor of histidine N-3 (Table II, Experi- 
ment 11). This result is consistent with the nonutilization of 
the guanine amino group and with the observation that xanthine 
can replace guanine in sparing the histidine requirement of 
Lactobacilli (27) and of various purine-histidine mutants (30). 
However, the extent of incorporation of xanthine nitrogen into 


TABLE IV 


Reduction in utilization of N'5H,* * for histidine 
synthesis by guaninef or adenine 


Adenine Guanine 
poten Relative Derived Relative Derived 
N15 from N15 from 
contentt adenine content guanine 
% % 
89 11 73 27 
Imidazole N-1§.......... 114 0 103 0 
N-3S..........- 12 88 52 48 


* The ammonia of the medium contained 13.0 atom per cent 
excess. 

+ 0.5 mmoles per |. of the indicated purine was present at the 
time of inoculation. Small inocula were used for these experi- 
ments. 

(atom per cent excess in given position) 
(atom per cent excess of ammonia in medium) 
ples were diluted 5-fold with ammonia before N?!* analysis. 

§ N'5 in N-1 was obtained from isolation of the glutamic acid 
remaining after urocanase digestion. 


xX 100. Sam- 


figuration (aspartic). 
take by the cells or utilization for other metabolic processes 
might affect the relative utilization of glutamic and aspartic 
acid nitrogen for histidine synthesis. 

A purine degradation which could give rise to an N-1, C-2 
fragment has been described by Rabinowitz and Pricer (34) for 
Clostridium cylindrosporum and Clostridium acidiurici. This 
pathway entails the conversion of guanine to 4-ureido-5-imida- 
zole carboxylic acid with xanthine as an intermediate. The 
ureido compound then loses a fragment originating in purine 
N-1, C-2 during the formation of the next isolated degradation 
product, 4-amino-imidazole. The fact that xanthine is a poorer 
substrate than guanine for histidine N-3 argues against this 
scheme, especially since the conversion of xanthine to guanine 
appears to be irreversible in FE. coli (35). An additional argu- 
ment against this pathway, and against xanthine as an obligatory 
intermediate between guanine and histidine may be found in the 
observation (30) that C-2 of guanine appears in the histidine of a 
mutant of A. aerogenes blocked between xanthine and guanine. 

If guanine were an obligatory precursor of histidine N-3, then 
the presence of unlabeled guanine in the medium should inhibit 
the incorporation of nitrogen from N?!*-aspartic acid into this 
position. Competition experiments (Table I, Experiments 12 
to 14) show only a slight inhibition of the incorporation of as- 
partic acid nitrogen in the presence of various amounts of un- 
labeled guanine, even when guanine was present in the medium 
from the start of bacterial growth (Table I, Experiment 15). 
Under the latter conditions the synthesis de novo of guanine is 
completely depressed (36). These results imply that aspartic 
acid nitrogen can be incorporated into histidine N-3 without its 
prior conversion to guanine, and that guanine itself is not an 
obligatory precursor of histidine N-3. 

Recent studies on imidazole glycerol phosphate synthesis in 
cell-free systems have suggested that an adenine derivative may 
be the immediate precursor of histidine N-3 (37). This conclu- 
sion is not ruled out by the competition experiments described 
above since there is conflicting evidence in the literature as to 
whether or not in E. coli, the synthesis de novo of adenine is in- 
hibited by exogenous guanine (36, 38). That adenine may be a 
more efficient precursor of histidine N-3 than guanine is shown 
in Table IV. In these experiments suppression of N!*-ammonia 
incorporation was taken as a relative measure of the ability of the 
purine bases to supply nitrogen for the various histidine positions. 
From the magnitude of the inhibition of N!®ammonia incorpora- 
tion, 88 per cent of histidine N-3 was derived from adenine com- 
pared to 48 per cent from guanine. These results, however, can 
be taken only as suggestive evidence of the preferential utiliza- 
tion of an adenine derivative for histidine synthesis, since they 
may merely reflect the more efficient conversion of adenine to 
some common histidine precursor. 
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The possibility that the C-N transfer reaction involves a folic 
acid derivative such as formiminotetrahydrofolic acid (39) is not 
excluded by these results, although we could not show the dis- 
appearance of guanine when it was incubated with folic acid in a 
variety of cell-free preparations. Such an intermediate might 
account for the histidine requirement that has been reported in 
yeast when aminopterin is present in the growth medium (40), 
although the effect of the antimetabolite may be on the synthesis 
of the purine rather than on the transfer of the 2-atom fragment. 

An alternative to the stepwise transfer of the C-N fragment 
from a purine to histidine has been proposed by Moyed and 
Magasanik (37) to account for the formation of imidazole glycerol 
phosphate by a cell-free extract obtained from a mutant of 
Salmonella typhimurium. In this mechanism ribose phosphate 
is first attached to adenine N-1 followed by the incorporation of 
glutamine amide nitrogen and imidazole ring closure by a con- 
certed reaction. This mechanism is in agreement with our re- 
sults in FZ. coli in that N-1 and C-2 of a purine can contribute to 
N-3, C-2 of the imidazole ring of histidine and in that glutamine 
is required for the formation of imidazole N-1. 
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SUMMARY 


1. The amide nitrogen of glutamine is efficiently incorporated 
into the nitrogen atom in position 1 of the imidazole ring of histi- 
dine in Escherichia coli. 

2. Ammonia, the amino groups of glutamic and aspartic acids, 
and the amide group of asparagine do not compete with gluta- 
mine as a source for N-1. 

3. The nitrogen atom in position 3 of the histidine imidazole 
ring can originate in the nitrogen of aspartic acid, glutamic acid, 
xanthine, guanine, and adenine. The latter was the most effi- 
cient precursor tested. 

4. Evidence is presented that a 2-atom fragment originating 
in the nitrogen atom in position 1 and the carbon atom in posi- 
tion 2 of purines can contribute as a unit to the nitrogen atom 
in position 3 and the carbon atom in position 2 of histidine. 

5. The nitrogen of glycine is not incorporated into any of the 3 
nitrogen atoms of histidine. 

6. An enzymatic degradation, which permits the successive 
isolation of the 3 nitrogen atoms of histidine, is described. 

7. Asynthesis of amino-N!* guanine and a convenient synthesis 
of amide-N!* glutamine are reported. 


REFERENCES 


1. Ames, B. N., in W. D. McE.LrRoy, H. B. Guass (Editors), 
A symposium on amino acid metabolism, Johns Hopkins 
Press, Baltimore, 1955, p. 357. 

2. AMEs, B. N., AND HoreEckeEr, B. L., J. Biol. Chem., 220, 113 

(1956). 

. Apams, E., J. Biol. Chem., 217, 325 (1955). 

. AMEs, B. N., J. Biol. Chem., 226, 583 (1957). 

. Kamin, H., AND HANDLER, P., Annual review of biochemistry, 
Vol. 26, Annual Reviews, Inc. Palo Alto, California, 1957, 
pp. 424 and 454. 

6. HorrMan, K., /midazole and its derivatives, Part I, Interscience 

Publishers, Inc., New York, 1953, p. 188. 

7. NEIDLE, A., AND WAELSCH, H., J. Am. Chem. Soc., 78, 1767 
(1956). 

8. NEIDLE, A., Federation Proc., 16, 225 (1957). 

9. Borssonnas, R. A., Helv. Chim. Acta, 34, 874 (1951). 

10. Sacus, H., AND BRAND, E., J. Am. Chem. Soc., 75, 4610 (1953). 

11. SCHOENHEIMER, R-:, AND RATNER, S., J. Biol. Chem., 127, 301 
(1939). 

12. Erion, G. B., LANGE, W. H., AaNp Hitcuines, G. H., J. Am. 
Chem. Soc., 78, 217 (1956). 

13. BEAVEN, G. H., Houipay, EK. R., ano Jounson, A., in 
kk. CHARGAFF AND J. N. Davipson (Editors), The nucleic 
acids, Vol. I, Academic Press, Inc., New York, 1955, p. 493. 

14. Fiscuer, E., Ann. Chem. Liebigs, 215, 253 (1882). 

15. SrREcCKER, H. J., Woop, H. G., aNnp Krampitz, L. O., J. Biol. 
Chem., 182, 525 (1950). 

16. Grey, C. H., ano Tatum, E. L., Proc. Natl. Acad. Sci. U.S., 
30, 404 (1944). 

17. HeENpERSON, L. M., AND SNELL, E. E., J. Biol. Chem., 172, 15 
(1948). 

18. SieKEvitTz, P., J. Biol. Chem., 195, 549 (1952). 

19. Foster, G. L., AND SHEMIN, D., Organic Synthesis, Collective 
Vol. II, John Wiley and Sons, Inc., New York, 1943, p. 330. 

20. Vickery, H. B., J. Biol. Chem., 143, 77 (1942). 

21. MEHLER, A. H., AND Tapor, H., J. Biol. Chem., 201, 775 
(1953). 


ore 


22. Taspor, H., Menuer, A. H., Hayaisni, O., AND WuiTe, J., 
J. Biol. Chem., 196, 121 (1952). 

23. SOBEL, A. E., Mayer, A. M., ANp 8. P., J. Biol. 
Chem., 156, 355 (1944). 

24. Tapor, H., aNp Hayatsui, O., J. Biol. Chem., 194, 171 (1952). 

25. JONES, D. B., AND MOELLER, O., J. Biol. Chem., 51, 103 (1922). 

26. RITTENBERG, D., in Witson, D. W., Nerr, A. O. C., AND 
REIMANN, S. P. (Editors), Preparation and measurement of 
isotopic tracers, J. W. Edwards, Inc., Ann Arbor, 1946, p. 31. 

27. Broquist, H. P., AND SNELL, E. E., J. Biol. Chem., 180, 59 
(1949). 

28. Levy, L., anp Coon, M. J., J. Biol. Chem., 192, 807 (1951). 

29. Miroma, C., AND SNELL, E. E., Proc. Natl. Acad. Sci. U.S., 
41, 891 (1955). 

30. MAGASANIK, B., Moyep, H. 8., anp Karisian, D., J. Am. 
Chem. Soc., 78, 1510 (1956). 

31. MAGASANIK, B., J. Am. Chem. Soc., 78, 5449 (1956). 

32. LEVENBERG, B., AND BuCHANAN, J. M., J. Biol. Chem., 224, 
1019 (1957). 

33. LUKENS, L. N., AND BucHANAN, J. M., J. Am. Chem. Soc., 79, 
1513 (1957). 

34. RaBinowiTz, J. C., AND Pricer, W. E., J. Biol. Chem., 218, 
189 (1956). 

35. Moyen, H. S., MAGASANIK, B., J. Biol. Chem., 226, 351 
(1957). 

36. Kocu, A. L., Putnam, F. W., ANp Evans, E. A., Jr., J. Biol. 
Chem., 197, 105 (1952). 

37. Moyrep, H. S., anp MAGASANIK, B., J. Am. Chem. Soc., 79, 
4812 (1957). | 

38. Roperts, R. B., ABELSON, P. H., Cows, D. B., Botton, 
EK. T., AND BritTEN, R. J., Studies of biosynthesis in Escher- 
ichia coli, Publication No. 607, Carnegie Institution of 
Washington, Washington, 1955, p. 310. 

39. MILLER, A., AND WAELSCH, H., J. Biol. Chem., 228, 397 (1957). 

40. Broquist, H. P., Arch. Biochem. Biophys., 70, 210 (1957). 


Protein Turnover in Mammalian Cell Cultures 


Harry EaGur,* Karu A. Prez,t FLEISCHMAN,* AND VANCE I. Oyama* 


From the National Institutes of Health, United States Public Health Service, Bethesda, Maryland 


(Received for publication, August 14, 1958) 


The classic experiments of Schoenheimer (1) showed that 
isotopically labeled amino acids injected into animals were rap- 
idly incorporated into tissue protein. One possible explanation 
was that the tissue proteins were constantly being degraded and 
reconstituted, the dynamic metabolism suggested by Borsook 
and Keighley (2); but cell turnover, protein secretion and re- 
placement, or amino acid exchange! could also have been re- 
sponsible, in whole or in part, for the observed incorporation. 
In growing bacteria there is cogent evidence that the proteins 
are relatively stable, in the sense that their amino acid residues 
are not used to a significant degree in the synthesis of either new 
enzyme proteins (3, 4) or nucleic acids (5). Recent studies, 
however, indicate that there is a measurable rate of protein turn- 
over in both resting bacteria (6-10) and yeast (11). Evidence 
has been adduced for a similar dynamic process of protein turn- 
over in carrots (12) and detached runner bean leaves (13). 

In isolated animal tissues and cells also, there is considerable 
evidence that the proteins are unstable. (a) Simpson (14) has 
demonstrated an energy-dependent catabolism of protein in 
tissue slices; Steinberg and Vaughan (15) have provided evi- 
dence for the intracellular degradation of protein by reversal of 
the synthetic pathway or a closely allied process. (6) A number 
of workers have presented evidence for protein turnover in cells 
deriving from peritoneal exudates. Thus, Moldave (16) found 
that Ehrlich ascites tumor cells labeled with glycine lost radio- 
activity when incubated in vivo under conditions which allowed 
cell division but no net growth; and a similar loss of radioactivity 
was observed by Greenlees and LePage (17). (With the same 
cells, however, Forssberg and Revesz (18) found that, unlike 
glycine, methionine-C' was not lost during intraperitoneal 
growth.) More recently, Harris and Watts (19) have observed 
the reversible incorporation in vitro of valine-C™ into the protein 
of resting rabbit macrophages recovered from a peritoneal exu- 
date. (c) We have previously reported (20) that serially cul- 
tured human cells also incorporated phenylalanine-C" into pro- 
tein in the absence of net synthesis, at the surprisingly high rate 
of approximately | per cent per hour. In contrast to bacteria 
and yeast, this also occurred, and at the same rate, in growing 
cultures, in which it was evidenced by incorporation in excess of 
that represented by the net increase in protein. 

In most of the foregoing experiments cell turnover, or protein 
secretion followed by resynthesis, cannot be excluded as the basis 
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of the observed incorporation of labeled amino acid residues into 
protein, or its subsequent loss (cf. 21, 22). The present paper 
describes data which indicate that this incorporation is only in 
small part due to either ce!l replacement or protein secretion, 
and is largely an intracellular turnover process which is observed 
in both growing and resting cultures. 


EXPERIMENTAL 


A previous paper (20) has described the methods employed in 
growing the monolayer cultures of the several cell strains used 
here, as well as the methods of harvesting and fractionating the 
cells, and of analyzing both the free amino acid pool and the pro- 
tein for amino acid content and radioactivity. The suspension 
cultures of HeLa cells also used in the present experiments were 
prepared by the method of McLimans et al. (23). The same 
basal medium (24, 25) was employed as for the stationary cul- 
tures, but its amino acid and vitamin contents were doubled, 
and Ca++ was omitted. In preparing such suspension cultures 
for study, the cells were kept in the logarithmic phase of growth 
by the addition of fresh medium at 1- to 2-day intervals, as re- 
quired. They were harvested by centrifugation, the supernatant 
fluid was drained, the inside of the tube was dried, and the cell 
sediment was emulsified in cold 8 per cent trichloroacetic acid. 

These cell cultures are particularly suitable to the study of 
protein turnover, for several reasons. The cells can be grown 
and maintained for long periods in a synthetic medium (essen- 
tial amino acids, vitamins, glucose, and salts) to which dialyzed 
serum is added as the only undefined component. Under the 
conditions of the present experiments the amino acid residues 
of the serum protein are not utilized by the cells to a significant 
degree by either growing or resting cells.2_ The specific activities 
of C-labeled amino acids present in the medium do not change 
in the course of the experiment, first, because the essential amino 
acids are not synthesized to a measurable degree, and second, 
because of the large volume ratio of medium to cells (a minimum 
of 400:1). Further, there is rapid equilibration of labeled amino 
acids between the medium and the cell amino acid pool.? It 
follows from these considerations that the only experimental 
variable is the specific activity of the tracer amino acid in the 
cell protein. 

The C-labeled amino acids used in these experiments were all 
uniformly labeled. 


RESULTS 


Incorporation of Amino Acids into Protein in Absence of Net 
Synthesis—In confirmation of the results previously obtained 
with labeled phenylalanine and tyrosine in monolayer cultures 


2H. Eagle, K. A. Piez, and R. Fleischman, unpublished results. 
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(20), when cultures were incubated in a medium deficient in one 
or more amino acids, but containing a labeled amino acid, there 
was no net synthesis of protein, and the total cell nitrogen and 
protein remained unchanged or decreased slightly over a period 
of 24 to 48 hours. During this entire period labeled amino acids 
from the medium continued to be incorporated into protein, 
replacing the originally unlabeled residues at a constant rate of 
0.75 to 1 per cent per hour. Qualitatively and quantitatively 
similar results were obtained with cells grown in monolayer cul- 
tures adherent to glass, or grown in suspension with continuous 
agitation to keep the cells dispersed (cf. Table I). Serially prop- 
agated human cells deriving from normal (conjunctiva) and 
malignant (KB and HeLa) human tissues, serially propagated 
mouse cells (strain L fibroblast), and monkey kidney cells in 
first culture passage also behaved similarly. Finally, C'-labeled 
phenylalanine, threonine, tyrosine, lysine, and valine were in- 
corporated at the same rate. 

It is of interest that the rate of incorporation is essentially un- 
changed when glucose is omitted from the medium. ‘The turn- 
over process is then not sensitive to the lack of an added major 
source of energy. If the cells are deprived of glucose for 2 days 
before the measurement of incorporation, the measured turn- 


over rate is decreased. However, under these conditions, cell 
protein decreases by 20 to 40 per cent, and the reduced incor- 
poration may be a secondary change. 

Incorporation of Amino Acids into Protein in Growing Cell Cul- 
tures—Because of the contrary results obtained with bacteria 
(8, 9) and yeast (11), it was considered important to confirm 
and extend the finding (20) that growing human cell cultures 
incorporated labeled phenylalanine and tyrosine into protein at 
a rate significantly greater than could be accounted for by the 
increase in cell protein. Table IL shows typical experiments 
which demonstrate this excess incorporation. Similar results 
were obtained with other cell lines and with other labeled amino 
acids. 

Loss of Amino Acids from Prelabeled Cell Protein in Growing 
and Nongrowing Cultures—(a) When cells previously grown in a 
medium containing a C'*-labeled essential amino acid were placed 
in a medium lacking a number of essential amino acids, includ- 
ing the one used for labeling, there was only a slight loss of 
label, and no significant change in the specific activity of the 
protein amino acid residues, over a 48-hour period (cf. Table ITI), 
even when the medium was replaced at 6, 12, and 24 hours. If, 
however, the replacement medium contained the amino acid used 


TABLE [ 
Incorporation of C'4-labeled amino acids into cell protein in absence of growth 
Cell strain C-labeled amino acid | Concentration 
in protein 
mM hrs. /hr. 
Suspension culture 
HeLa ] lysine 0.1 24 hae 
All but glutamine phenylalanine 10 24 .175 80 
All but glutamine phenylalanine 0.1 24 . 234 1.11 
Stationary monolayer cultures 
HeLa 6 lysine 0.1 24 .19 SS 
1 lysine 0.1 24 .173 79 
Human conjunctiva 1 lysine 0.1 24 .184 85 
1 lysine 0.1 24 .16 75 
(glucose omitted) lysine 0.1 48 .353 91 
1 valine 0.1 24 .189 87 
Monkey kidney (primary cul- 1 lysine 0.1 24 . 203 .90 
tures) 48 .343 
1 valine 0.1 24 . 204 .95 
72 70 
Mouse fibroblast (strain L) 1 lysine 0.1 24 . 152 .69 
48 .25 59 
* Referred to that of precursor amino acid in medium as 1. 
TABLE II 


Showing that growing culltures* incorporate more labeled amino acids than can be accounted for 
by amount of new protein formed 


Protein N Specific amino acid in protein hydrolysate Labeled precursor 
Type of culture incorporated into Excess incorporation of labeled precursor 
Initial Final Initial Final Increase poetem 
mg. mg. pmoles pmoles pumoles pmoles pmoles % of original % per hr. 
Suspension 2.44 4.92 10.6 19.6 9.05 11.7 2.65 25 3.2 
Stationary 15.1 19.7 52.2 68.4 19.2 25.7 9.5 18.2 . 84 
monolayer 15.1 20.8 52.3 69.7 17.4 25.6 8.2 15.7 71 


* HeLa cell cultures growing in the presence of valine-C" for 24 hours. 
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for labeling, there was a progressive loss of radioactivity to the 
medium, and a corresponding decrease in the specific activity of 
the protein amino acid residues (cf. Table IV). The average 
rate of that decrease (0.95 per cent per hour) corresponded to 
the rate of incorporation in the reverse experiment, 2.e. when 
labeled amino acid was incorporated into protein in the absence 
of growth. 


TaBLeE III 


Retention of labeled protein amino acids in media lacking 
specific amino acid used for labeling 


| Ti 7 
Cell line | C-labeled amino | ere sub- Loss of 
acid in protein ta C4 label 
Final; Initial | Final 
hr. c.p.m./pmole ber 
HeLa Phenylalanine} 24 (2.842.89) 7,390) 7,310)1.1 |.04 
Lysine 48 2.6 |.19 
24 1.49)1.66 34, 150/33, 8600.85) .036 
48 1.49 1.51134, 150.33,1003.1 |.065 
KB Valine 48 (2.04)1.3 10, 230) .19 


* Lacking the specific amino acid used for labeling. 


TaBLeE IV 


Loss of labeled amino acid from cell protein in growth-deficient 
media containing specific acid used for labeling 


Time 
C'4-labeled 
Protein N pe 
deficient |Final| Initial | Final 
hr. mg. | mg. per 
HeLa Phenyl- 24 2.84 2.81 7,3906,025 18.5) .85 
alanine 
Threo- | 48 .395, .4 | 
nine | 
Conjunc- | Lysine 24 1.66 1.80 982 77321.31.0 
tiva | 
KB Valine 482.04 1.56 10,2306,514 36.3, .94 


* Containing the specific amino acid used for labeling. 
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(b) Growing cell cultures had incorporated labeled amino 
acids into protein in excess of the amounts required for net pro- 
tein synthesis, presumably because of their incorporation into 
the initial cell protein (cf. page 593 and Table II). In the re- 
verse experiment, when prelabeled cells were placed in unlabeled 
growth medium, the growing cells lost labeled amino acid to the 
medium at the same rate as in a deficient medium (Table V). 

The apparently more rapid loss of amino acid by cells growing 
in suspension culture probably reflects the disintegration of a 
larger proportion of the original cells than in monolayer cultures. 
The corrective factor for growth would then be larger, and the 
actual loss from the prelabeled cell smaller than the experimental 
figures would indicate. 

Extracellular versus Intracellular Turnover—The foregoing data 
did not indicate whether the observed incorporation was the re- 
sult of (a) the intracellular degradation of protein to its compo- 
nent amino acids, and its resynthesis; (6) an exchange reaction 
of the type postulated by several workers (26-29), in which 
amino acid residues of an otherwise intact protein molecule ex- 
change with corresponding amino acids in the cell fluids; (c) the 
death of some cells in the culture, followed by their degradation 
and reutilization, or (d) the secretion of proteins into the medium, 
again followed by their degradation to amino acids, and re- 
utilization for protein synthesis. 

The data described in the preceding sections can be explained 
on any of these hypotheses. However, hypotheses c and d, of 
cell turnover or extracellular protein secretion and replacement, 
have two corollaries which are susceptible of experimental test. 
Since the total cell protein may remain essentially unchanged 
while labeled amino acid residues are being incorporated from a 
deficient medium, it follows that any cell protein released into 
the medium by secretion or cell death must be degraded to its 
component amino acids; otherwise, there would be no oppor- 
tunity for mixing with the labeled amino acid of the medium. 
It follows also that the essential amino acids not present in the 
medium must be recaptured from these cellular products and re- 
incorporated into protein with essentially 100 per cent efficiency. 

To test these hypotheses, cell cultures prelabeled with phenyl- 
alanine-C™ were mechanically coupled with unlabeled cultures, 
as shown diagrammatically in Fig. 1. The combined cultures 
were then overlaid with a phenylalanine-deficient medium, and 
placed in the incubator for 48 hours on a rocking platform which 
permitted the fluid to flow slowly from one culture to the other, 
approximately three times a minute. If the incorporation of 
amino acids were due to either cell turnover or protein secretion, 
in each case followed by degradation and essentially total re- 
utilization of the products, then labeled phenylalanine residues 


TABLE V 
Loss of labeled amino acid from protein in growing cell cultures 
— labeled Protein N C4-labeled amino acid in protein 
cultures w 
Cell line Type of culture subcultured Loss of label 
| Final Initial Final 
hr. c.p.m./pmole total % \% per hour 

HeLa Monolayer Threonine 48 .395 . 987 2,307 563 1,406 38.7 1.02 

| Lysine - 48 1.49 2.6 34,150 14 ,000 24,430 28.4 .69 

| Suspension Valine 24 4.92 8.4 11,690 4,440 7,580 35.2 1.8 

| 48 4.92 16.0 11,690 2,025 6, 580 43.7 1.16 
KB Monolayer Valine 48 2.04 3.0 10,230 | 4,490 | 6,625 | 35.2 | .90 
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Fic. 1. The coupling of C'*-labeled and unlabeled cultures on 


rocking platform. 


TABLE VI 


Relatively minor exchange of protein amino acid residues 
between labeled and unlabeled cultures 

HeLa (Experiments | and 2) and conjunctiva (Experiment 3) 
cultures were grown in a medium containing C-labeled phenyl- 


alanine (Experiments 1 and 2) or valine (Experiment 3). 


The 


prelabeled cultures, and replicate cultures grown in unlabeled 
medium, were washed, overlaid with a medium lacking the spe- 
cific amino acid used for labeling, and the two cultures were then 
coupled on a rocking platform which permitted the culture fluid 
to flow from one culture to the other during the following period 
If protein turnover were due to cell 
death (or protein secretion), followed by degradation to the amino 
acid level and resynthesis, the originally unlabeled culture should 
become labeled at approximately 0.5 per cent per hour (half the 
protein turnover rate, since both cultures share in the ‘‘recapture”’ 
of the labeled amino acid). 


of incubation (cf. Fig. 1). 


Experi- 
ment 
No. 


Time 


hr. 
0 


24 


48 


48 


24 
48 


Specific activity of 


Cell turnove r* 


Culture A ‘d resid Transfer of | (or extracel- 
c.p.m./pmole % per hr. % per hr 
Original 
labeled 
culture 115, 200 
(L)t 114,700 
(U)t 1,540 = 1.34% 0.058 0.116 
(L) 108, 500 
(U) 2,680 = 2.33% | 
Original 
labeled 
culture 103 , 900 
(L) 96 , 506 
(U) 4,470 = 4.3% 0.091 0.18 
Original 
labeled 
culture 40,500 
(L) 1,200 = 2.98% 0.127 0.254 
(U) 2,120 = 5.23% 0.112 0.224 


* Per cent of labeled amino acid transferred to originally un- 
labeled culture per hour, multiplied by 2, since both cultures 
participate equally in the reincorporation. 


t L = labeled culture, U = 


initially unlabeled culture. 
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deriving from the prelabeled culture should get into the medium 
and in the following resynthesis be shared by both cultures. 
The over-all specific activity of the protein phenylalanine in the 
labeled culture should decrease by approximately 0.5 per cent 
per hour, and that of the originally unlabeled culture increase 
at the same rate; and the medium should be relatively free of 
labeled protein or its degradation products. 

None of these proved to be the case. Thus, in the first experi- 
ment of Table VI, counts were transferred from the labeled to 
the originally unlabeled culture at a rate corresponding to an 
apparent cell turnover of only 0.1 per cent per hour, or one- 
tenth the rate of the protein turnover previously described. 
Even this figure of 0.1 per cent was probably in excess of the true 
value, since the mechanical agitation of the cultures had de- 
tached a significant proportion of the labeled cells from the sur- 
face of the glass. The medium at the end of the experiment 
contained most of the C' which had been lost by the labeled cul- 
ture. Of this, one-third was particulate and sedimented by 
light centrifugation, and an additional one-third was trichloro- 
acetic acid-precipitable. It is obvious that when cell products 
are released into a deficient medium, they are not totally de- 
graded to the amino acid level, and the amino acids missing in the 
medium are not recovered with 100 per cent efficiency (cf. also 
Table VII). Further, it is probable that the minor reincorpora- 
tion observed was at least in part due to mechanical transfer from 
the labeled to the unlabeled culture of cellular clumps, or of cel- 
lular debris resulting from their degradation. 

Qualitatively and quantitatively similar results were obtained 
in the second experiment of Table VI; and the redistribution of 
label in that experiment is shown in Table VII. 

In the third experiment of Table VI, the coupled cultures had 
been overlaid with a medium lacking six essential amino acids. 
In this multiply deficient medium, the release of cells from the 
monolayer into its medium was greatly accelerated, amounting 
to 30 per cent after 48 hours. The medium contained 23 per 
cent of the original cell label; and 90 per cent of this consisted of 
either cell particulates or trichloroacetic acid precipitate mate- 
rial. Even under these highly artificial circumstances, which 


TaBLeE VII 


Redistribution of valine-C'* when prelabeled and unlabeled cultures 
were coupled for 48 hours in common valine-deficient medium 
(Experiment 2 of Table VI; for experimental details 
see Table VI) 


48 hours after cultures were coupled 
Initially | Initiall 
labeled labeled 3 
poe yor medium 
c.p.m. c.p.m. c.p.m. C.p.m. 
Cold trichloroacetic | 
acid extract......... 950 | 630 102 7,740 
Hot trichloroacetic 
acid extract......... 11,450 5,840 394 |53,870 
Alcohol-ether extract. . 32,700 22,500 | 2,230 |< (84,970*) 
Protein residue........ 496,400 | 353,300 | 15,870 
382,300 | 18,500 | 146,600 


* Cells and cell particulates recovered from medium by light 
centrifugation 2000 X g. 
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encouraged cell death, the amino acid residues in the originally 
unlabeled culture became labeled at the rate of only 0.2 per cent 
per hour (cf. Table V1); and cell turnover or protein secretion into 
the medium would account for at most one-fourth of the pro- 
tein turnover previously observed. It is apparent that the in- 
corporation of labeled amino acids into cell proteins in the ab- 
sence of net synthesis is in large part an intracellular process. 


DISCUSSION 


The present experiments confirm and extend the previous re- 
port (20) that in both resting and growing human cell cultures, 
amino acid residues in cell protein are continuously replaced by 
corresponding residues from the medium, and in both resting 
and growing cells. The results obtained on coupling labeled and 
unlabeled cultures showed that this incorporation was largely an 
intracellular process, and only in small part due to cell death or 
protein secretion, followed by degradation and resynthesis. 

The rate of this incorporation (0.7 to 1 per cent per hour) was 
the same for all the cell types and amino acids here studied. 
Although this rate is considerably higher than that at which 
phenylalanine-3-C™ was found to be incorporated into tissue 
explants (30), it is of the same order of magnitude as has been 
reported for the loss of leucine- or glycine-C™ from prelabeled 
Ehrlich ascites cells in vitro or in vivo (16-18), of glutathione- 
C from rat erythrocytes (31), of valine-C' from rabbit macro- 
phages (19), and of phenylalanine- and glycine-C" from resting 
yeast (11). 

The fact that in some experiments amino acid incorporation 
continued at a constant rate in the absence of net synthesis for 
72 hours, by which time more than 50 per cent of the protein 
amino acid residues had exchanged with the medium (20), im- 
plies that it involved most of the cell proteins and was not due to 
the rapid turnover of a relatively small fraction. The fact that 
most of the cell proteins are involved does not, however, imply a 
uniform rate of turnover. In view of the magnitude of the ex- 
perimental errors, an over-all incorporation rate of 1 per cent 
per hour, even if continued for a period of 72 hours, is consistent 
with turnover rates of, e.g. 2, 1, and 0.5 per cent applying to 
#;, }, and } of the cell protein, respectively. 

The protein renewal process here described was observed in 
growing as well as in resting cultures, and at essentially the same 
rate. In this respect these human cell cultures differ from bac- 
teria (6-9), in which a similar turnover has been found in resting 
(starved), but not in growing, Escherichia coli (9). In yeast also, 
the rate of protein turnover in growing cells has been estimated 
to be .}, that in resting cells (11). The quantitative importance 
of this incorporation process in human cell cultures is best indi- 
cated by the fact that it proceeds at approximately one-fourth 
the maximal rate of protein synthesis in growing cultures. 
In bacteria the 5 per cent per hour rate of protein turnover re- 
cently described in resting cells (8-10) is approximately 0.01 that 
of protein synthesis in log-phase cultures.’ 

The present experiments offer no information as to the nature 
of the incorporation. It could be protein turnover in the strict 
sense, i.e. the total intracellular degradation of the cell protein 
to amino acids by a process which may or may not be a reversal 


3 It is possible that in cultures of mammalian cells, in contra- 
distinction to bacteria, all the protein-synthesizing sites may not 
be simultaneously operative when cells are growing in an optimal 
medium. Those not being used for growth may be mediating 
the incorporation process under present discussion. 
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of the synthetic mechanism, followed by their quantitative re- 
utilization. The amino acids formed during the turnover proc- 
ess would enter into a cellular pool which exchanges with the 
amino acids in the medium. The fact that cells prelabeled with 
a given C'-amino acid lose only small amounts of label when 
placed in a medium lacking that specific amino acid would sug- 
gest that the intracellular reutilization of the formed amino acids 
is extremely rapid in relation to the rate of their diffusion from 
the cell.‘ 

The alternative to protein turnover is the possibility that 
amino acids of the pool exchange with corresponding residues in 
protein without the necessary preliminary degradation of the 
latter to the amino acid level (cf. 26, 27, 29, 33). However, the 
studies of Mandelstam (8, 9) show clearly that in F. coli the proe- 
ess is one of protein turnover. When prelabeled organisms in an 
appropriately deficient medium were induced to form 8-galactosi- 
dase, the newly formed enzyme was labeled. At least for the 
present, similar experiments are not feasible in mammalian cell 
cultures; but it is a reasonable presumption that the process is 
similarly one of continuing protein renewal at an extremely high 
rate relative to growth. 

It is difficult to assess the quantitative role of the protein turn- 
over here described in the incorporation of labeled amino acids 
into proteins in vivo, and their subsequent loss. Since protein 
turnover was observed in both resting and growing cell cultures, 
and in cells freshly removed from the animal host as well as in 
serially propagated cultures, one may reasonably assume that, 
barring as yet undescribed control mechanisms, this protein turn- 
over process is operative in vivo. The data in vivo are, however, 
complicated by the indeterminate and supplementary contribu- 
tions made by cell growth, cell turnover, protein secretion, and 
metabolic turnover® to the observed incorporation of labeled 
amino acids into protein. The varying specific activity of the 
labeled amino acid in different tissues and at different times in- 
troduces an additional complication (cf. 34). Further, the equi- 
libration of the cell amino acid pool with the tissue fluids is prob- 
ably slower in organized tissues than it is in the dispersed cell 
cultures here studied; and the experimentally observed incor- 
poration could then be slower than the actual rate of intracellu- 
lar turnover. 

In cell cultures, the average half-life of the proteins has here 
been shown to be approximately 3 days. The average half-life 
in vivo, of, e.g. rat and mouse liver proteins has been variously 
estimated at 1.8 to 8 days (27, 32, 35). However, individual 
proteins have been found to vary widely in this respect (36-38), 


4If the latter exchange were relatively slow, the true rate of 
the postulated protein turnover could be even greater than the 1 
per cent per hour rate at which labeled amino acids from the me- 
dium were incorporated into protein. Preliminary experiments 
indicate that the equilibration between the medium and the cell 
pool is rapid, reaching 75 per cent of its equilibrium value within 
15 minutes. However, this does not exclude the possibility of a 
quantitatively minor compartmented pool which is directly in- 
volved in protein synthesis, and which may equilibrate with 
the medium at a much slower rate than the rest of the cellular 
amino acids (cf. (33)). Against this possibility is the fact that 
the observed turnover rate was the same in growing and nongrow- 
ing cultures. In growing cells, ther: would be a more rapid flux 
of amino acids through the postulated internal pool, and an ap- 
parently more rapid turnover. The absence of such a difference 
speaks against the presence of an internal pool directly involved in 
protein synthesis, and distinct from the major cellular pool. 
5 That is, the replacement of a cell protein without its neces- 
sary preliminary degradation to the amino acid level. 
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and Velick (39) has found the half-life of a number of specific 
rabbit muscle proteins to vary from 20 to 80 days. Studies are 
in progress to determine whether the average turnover rate of 1 
per cent per hour for the proteins of cultured cells masks similar 
important differences between individual proteins. 


SUMMARY 


1. Cultured mammalian cells incorporated C-labeled amino 
acids into protein in the absence of net synthesis at a uniform 
and sustained rate of 0.7 to 1 per cent per hour. 

2. The rate of incorporation by the cultures was independent 
of the species and organ of origin, and of the particular amino 
acid used for study. Suspension and monolayer cultures be- 
haved similarly; and cells in first culture passage incorporated | 
amino acids at the same rate as strains which had been serially 
propagated for years. 

3. Growing cells incorporated amino acid into protein in excess 
of the amount represented by the new protein formed. The ex- 
cess corresponded to the incorporation of amino acids into the 
initial cell protein at the rate of 0.7 to 1.2 per cent per hour. 

4. When prelabeled cells were placed in an unlabeled medium, 
the protein C'-amino acid residues were replaced by correspond- 
ing unlabeled residues from the medium at the rate of 0.85 to 1 
per cent per hour. This replacement occurred at the same rate 
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in growing cells as in “resting” cells, in which there was no net 
synthesis of protein. If the medium lacked the specific amino 
acid used for labeling, there was a relatively minor loss of C™- 
label from the cell protein (0.04 to 0.19 per cent per hour). 

5. When prelabeled and unlabeled cultures were coupled and 
overlaid with a common medium which lacked the specific amino 
acid used for labeling, the C'4-amino acid residues were trans- 
ferred to the initially unlabeled cultures at the rate of only 0.06 
to 0.13 per cent per hour. It follows that the incorporation of 
labeled amino acids by resting cell cultures is largely an intra- 
cellular process and is only in small part due to either cell turn- 
over or protein secretion and resynthesis. 

6. The foregoing observations indicate the presence in mam- 
malian cell cultures of an active process of protein turnover, in 
which cell proteins are continuously being degraded to the amino 
acid level and resynthesized at an average rate of 1 per cent per 
hour. This is to be compared to a maximal growth rate of 4 per 
cent per hour. Possible differences in the turnover rates of in- 
dividual proteins, and the possibility of an amino acid exchange 
process, rather than total protein degradation and resynthesis, 


are discussed. 
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Studies reported in this paper include experiments on leucine 
metabolism by the mold Phycomyces blakesleeanus and on inter- 
mediates which have been implicated in the synthesis of carotene 
and ergosterol. 

We had observed earlier (1) that upon incorporation of leu- 
cine-2-C™, leucine-3-C"™, and leucine-4-C™ into the culture me- 
dium, the mycelial mats contained not only labeled carotene 
but also labeled G-hydroxy-8-methylglutarate. We had also ob- 
served that 6-hydroxy-6-methylglutarate, when added to the 
medium in the absence of leucine, markedly stimulated both 
growth and carotene production. By contrast, mevalonic acid 
did not stimulate growth and had little effect on net carotene 
production when added under otherwise comparable conditions. 

In the case of sterol synthesis, it has been noted by various 
authors (2, 3) that incorporation of activity from 6-hydroxy-8- 
methylglutarate-2-C™ into cholesterol is much lower than from 
mevalonic acid-2-C™. It has therefore been concluded that 
B-hydroxy-G-methylglutarate is no longer to be considered a 
metabolite in cholesterol synthesis in cell-free liver preparations 
(3-6). However, it has been shown that @-hydroxy-@-methyl- 
glutarate is incorporated into cholesterol in intact animals (6, 7). 
Furthermore, Dekker et al. (8) suggest that 6-hydroxy-@-methyl- 
glutarate coenzyme A can be converted to mevalonic acid, that 
the reaction is reversible, and most significantly, that mevalonic 
acid-2-C" gives rise to labeled acetoacetate. 

These suggestions coincide with our picture of the utilization 
of the individual carbon atoms of leucine, including the 5,5’- 
carbons, the 2- and 3-carbons of 8-hydroxy-8-methylglutarate, 
and the 2-carbon of mevalonic acid, their enrichment in the 
carotene carbon, and their distribution within the carotene 
molecule. We also include limited data on their utilization in 
ergosterol synthesis. 


EXPERIMENTAL 


Cultural Conditions—These have remained substantially un- 
changed (9). The medium consists of 2.5 per cent glucose, 0.25 
per cent asparagine, unless leucine is to be tested, in which case 
we add 0.125 per cent asparagine and 0.125 per cent leucine. 
HMG! and MVA, when added, never exceed a final concentra- 
tion of 0.05 per cent. Of the various ingredients of the Wicker- 
ham carbon base medium, thiamine and guanidine appear to be 
most necessary, and they are added in concentrations of the 
order of 0.001 per cent. To permit the culture to grow aerobi- 
cally without support in Petri dishes, 0.1 ml. of Tween 80 per liter 


* Presented at the Fourth International Congress of Biochem- 
istry, Vienna, September 1958. 

‘The abbreviations used are: HMG, 8-hydroxy-8-methylglu- 
tarate; MVA, mevalonic acid; HIV, 6-hydroxyisovalerate; AcAc, 
acetoacetate. 


of solution is added before sterilization. Concentrations of 
KH-2PO, and MgSO, are 0.15 and 0.05 gm. per liter. 

When the medium contains a C'*-labeled substrate, we do not 
wash the spore inoculum to free it from mycelial fragments, 
thereby reducing chances of contamination. Otherwise a washed 
spore inoculum provides more uniform growth conditions. All 
cultures are grown at ambient temperature, and normally are 
harvested 7 days after the medium is inoculated. 

CO, Fixation—The mold was grown for 4 days on a medium 
identical with the medium used in the incorporation tests. At 
the end of 4 days the Petri dishes containing the mycelial mass 
were transferred to glass desiccators into which was introduced 
approximately 100 we. of C“O.. The mold was allowed to grow 
for 3 additional days, after which it was harvested and the B-caro- 
tene chromatographed and crystallized. 

Analytical Procedures—The washed mats are lyophilized to 
constant weight, and then exhaustively extracted with c.p. ab- 
solute methanol, or with acetone purified by distillation through 
a fractionating column, to remove ultraviolet-absorbing con- 
taminants transferable to petroleum ether. The purification 
step may be omitted if the phytoene fraction is to be ignored. 
The pigments in methanol or acetone are then quantitatively 
transferred to petroleum ether. This is then refluxed for a few 
minutes with alcoholic potassium hydroxide to saponify fatty 
material, washed free from water-miscible solvents, dried, and 
chromatographed on an MgO-SiO. column. The (6-carotene 
zone is eluted (petroleum ether containing 1 per cent acetone), 
the volume of eluate is estimated, and the optical density at 450 
my determined. From this, it can be decided whether inert car- 
rier carotene must be added to bring the total to3 to5mg. While 
we have crystallized as little as 1.5 mg., a larger quantity is pref- 
erable; the crystals can be more thoroughly washed, redissolved, 
and recrystallized. This is accomplished in 15-ml centrifuge 
tubes. The carotene in 2 to 3 ml. of petroleum ether is crystal- 
lized by addition of absolute ethanol and removal of the petro- 
leum ether by warming. 

When required, the quantity of carrier carotene was computed 
as follows: crystalline B-carotene was dissolved in petroleum 
ether, chromatographed, and eluted. From the optical density 
at 450 mu, the required volume of fresh eluate could be deter- 
mined. 

In the most recent runs, with leucine-5-C™, and MVA-2-C%, 
sufficient carotene was prepared to permit determination of spe- 
cific activities and degradation on the same sample; from this, 
the degree of randomization of the label could be estimated. 

Precipitation of Ergosterol—Material adsorbed above the 6-car- 
otene is eluted with acetone, and a suitable aliquot is evaporated 
to dryness, taken up in absolute ethanol, and treated with 1 ml. 
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of 1 per cent digitonin. Then water is added to make the 
alcohol concentration 85 per cent. The solution is allowed to 
stand overnight at room temperature, and the digitonide centri- 
fuged and washed two times with 85 per cent ethanol, and then 
washed with ether until the precipitate is colorless. On occasion, 
the digitonide is decomposed and reprecipitated. The washed, 
dried precipitate is then burned directly. 

Chromatography of Organic Acids—The culture medium at 
time of harvest was passed over ion exchange resins and the 
organic acids isolated. Aliquots were chromatographed two- 
dimensionally, with butanol, acetic acid, water, 4:1:5, and 
ethanol, ammonia, water, 85:5:15, and sprayed with brom 
phenol blue. Ry values were estimated, and activities deter- 
mined. 

Combustion and Counting—The samples were burned in a 
Sargent micro carbon-hydrogen combustion furnace and the CO: 
collected in sodium hydroxide, and subsequently precipitated as 
BaCO3. After washing, the carbonate was plated on a standard 
area of a l-inch copper planchet and weighed. 

Counts were determined in a Tracer Lab windowless flow 
counter by means of a Tracer Lab autoscaler. The activity was 
then corrected for background and for self absorption to zero 
thickness. 

Degradation—For permanganate degradation, in order to se- 
cure such compounds as dimethylglutarate or dimethylsuccinate, 
sample sizes are of the order of 500 mg. For 40 mg. of active 
8-carotene, this has meant a 10 to 1 dilution with carrier (10). 
Experiments with labeled acetate can be run on a scale that en- 
sures highly active carotene samples of this size which will with- 
stand dilution. 

Our leucine and HMG experiments yield equally active caro- 
tene, but the sample size is of the order of 3 toi mg. We have 
therefore selected the chromic acid oxidation procedure outlined 
by Grob and Biitler (11) which gives a high yield, 75 to 85 per 
cent, of acetic acid from carbon atoms 5, 9, 13, and the corre- 
sponding 5’, 9’, 13’ positions, together with their associated 
methy! side chains. 


C C 
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Thus 6 moles of acetic acid are obtainable per mole of carotene. 
The active carotene was diluted with carrier to about 20 to 30 
mg., digested with the required quantity of bichromate and con- 
centrated H;PO, at 100° under reflux for several hours. The 
acetic acid was redistilled four successive times to ensure its 
purity, titrated with 0.1 N NaOH, crystallized and cautiously 
dried to constant weight (12). The calculated quantities of 
NaN; and H.SO, were then added, the liberated CO, trapped 
in alkali, precipitated as BaCO3; the methylamine was subse- 
quently distilled from the neutralized mixture, trapped as the hy- 
drochloride, crystallized, and burned. 

Labeled Substrates—Conventional organic procedures were 
used. One C' atom was introduced into the 5 or 5’ position of 
bi-leucine as follows: methyl-C'-magnesium iodide was reacted 
with acetaldehyde to obtain isopropanol (42 per cent yield) in 
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which one methyl group was labeled per molecule. The re- 
mainder of the synthesis followed the outline for leucine-4-C™ in 
which the central carbon of the isopropanol had been labeled (13). 
The over-all yield was 2 per cent in terms of activity of CO, 
from BaC™O;. Glucose-C™ was synthesized biologically by in- 
filtrating C™O, into intact tobacco leaves; the starch was iso- 
lated, hydrolyzed, and chromatographed. 

We are indebted to Dr. Morton Rothstein who synthesized 
HMG-3-C! from carboxyl-labeled ethyl acetate and inert allyl- 
bromide; to Dr. B. V. Chandler who synthesized HMG-2-C™ 
from C'H.BrCOOH and inert ethyl acetoacetate; and to Dr. 
Karl Folkers, Merck and Company, for a gift of MVA-2-C™. 

Assay for COractivating Enzyme—Myecelial mats grown in the 
presence of leucine and zinc (10 wmoles/100 ml.) were washed, 
lyophilized, disintegrated in a Waring Blendor in tris(hydroxy- 
methyl)aminomethane buffer at 0° and pH 8.1, and fractionated 
by the method of Bachhawat and Coon (14). After the third 
ammonium sulfate precipitation, the mixture was centrifuged in 
a Servall SS-1 Superspeed angle centrifuge at 4°. Fluoride was 
added (50 uwmoles/100 ml.) to the supernatant which was then 
assayed directly for pyrophosphate liberation from ATP by the 
method of Flynn, et al. (15). 

Experiments Performed—Experiments were performed to test 
the incorporation of the following compounds into carotene and 
ergosterol : 

1. pt-Leucine-5-C"™, 20 plates, repeated three times, the caro- 
tene being used three times for determination of specific activity, 
once for degradation. 

2. HMG-3-C", 20 plates, repeated twice; twice for specific ac- 
tivity, once for degradation. 

3. HMG-2-C"™, 20 plates, repeated once. 

4. MVA-2-C"™, 20 plates, repeated three times. 

5. Randomly labeled glucose, plus HMG, for a total of four 
times, compared with controls (no HMG) activities only. 

6. Randomly labeled glucose, plus leucine, versus control, once, 
activities only. 

7. CO., plus asparagine, compared with C“O, plus asparagine- 
leucine (0.5:0.5). 

In addition, the CO--activating enzyme was estimated in ex- 
tracts of 10 mats, in duplicate. 


RESULTS 


Actinty of Carotene and Ergosterol—Results showing incorpo- 
ration of leucine, HMG, and MVA carbon atoms into carotene are 
shown in Table I, degradation data in Table II, exclusion ex- 
periments in Table III and CQ, fixation, Table IV. 

The data of Table II may be most readily followed by refer- 
ence to the following diagrams in which the acetic acid derivable 
from the carotene repeating unit is shown in relation to the in- 
dividual carbon atoms of leucine, HMG, and MVA. 

Table III illustrates the danger inherent in the assumption 
that the lowering of the specific activity of the carotene is directly 
related to incorporation of the diluting substrate. The control, 
line 1 of Table III, contained 90 per cent of its carbon as glucose, 
10 per cent as asparagine, with negligible contributions from thi- 
amine and guanidine. The medium, line 2, was comprised of 
88.5 per cent glucose carbon, 9.7 per cent asparagine carbon and 
1.8 per cent HMG carbon. If the same percentage of carbon 
had been drawn from the glucose as in the control, the specific 
activity of the carotene would have been 1540 (7.e. 1610 « 1696/ 
1779), whereas in fact it was 1080. 
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Leucine: C—C—C—C—C 
COOH carboxyl: carbon 2, 4 
in methyl: carbon 3, 5, 5’ 


HMG and MVA: C—C—C—C—C 


C=C— 
COOH earboxyl: carbon 3, HMG 
| 
CH; methy!: carbon2, HMG,and MVA 


In the control approximately 81 per cent of the carbon is de- 
rived from glucose, and in the second case, 57.5 per cent, 1.e. 
the nonglucose carbon incorporation has risen from 19 to 42.5 
per cent. Yet the data of Table I show that HMG incorpora- 
tion into carotene is definitely limited. 

Table IV shows that COsz is incorporated into carotene signifi- 
cantly when leucine is present. 

Chromatography of Organic Acids—1. Unlabeled medium, no 
leucine; the normal tricarboxylic acid cycle acids were detected, 
also 8-hydroxybutyric, tartaric, and oxalic acids. 


TABLE [ 
Incorporation of labeled carbons into carotene 


Carotene Biosynthesis 


Enrichment ratio* 


Number of active 
carbons per moleculet 


Leucine-5-C!4 
Leucine-4-C™ 
Leucine-3-C!4 
Leucine-2-C!4 
Leucine-1-C"4 


MVA-2-C!4_ . 


c.p.m./mg. BaCO; 


6.8, 8.9, 7.2 
8.7 


c.p.m./mg. BaCOs; 


5.6, 7.3, 5.9 
7.9 (13)f 

3.2 (13)f 

ca. 1 (16)f 
negligible (16)f 
<1 

<1 

0.9, 1.0 


* Activities varied between experiments. To place all data on 
a comparable basis, we define the enrichment ratio as the specific 
activity of carotene or ergosterol divided by the specific activity 
of the medium. The ergosterol enrichment ratios were 8.2, 5.5, 
and 5.4 for the leucine-5-C, HMG-2-C, and MVA-2-C, respec- 


tively. 


t A strict proportionality is not observed vertically, since in 
some cases the leucine concentration was 0.15, in others 0.125 per 


cent. 


¢t Figures in parentheses indicate references. 
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TABLE II 
Specific activities of acetic acid derived from carotene 
Specific activities as BaCOs 
Substrate 
COz CH;3NHe 
c.p.m./mg. BaCOs c.p.m./mg. BaCO, 
5.7 75 
DL 298 4.2 (12)* 
pL-Leucine-3-C'.. 1.8, 2.0 10.1, 7.2 (12)* 
pL-Leucine-2-C'*.......... 53 1.6 (12)* 
190 14 


* Figures in parentheses indicate references. 


TaB_e III 
Exclusion experiments, HMG and leucine, with labeled glucose 


Specific activities as BaCOs; 


Medium Carotene 
c.p.m./mg. BaCOs c.p.m./mg. BaCO; 
1220 640 
6. + Leucine............. 307 152 


* The medium contained 42.0, 37.5, and 17.5 mg. of inert HMG/ 
100 ml., in cases 2, 3, and 4, respectively; 0.125 gm. of leucine in 
case 6. 


TABLE IV 
Incorporation of C'*O, into carotene 


| Specific activity of carotene 
| c.p.m./mg. BaCO; 
Glucose, asparagine (0.259%)......... 25 
Glucose, asparagine (0.125%), leu- | 


Medium under 


775, 626 


x — 


2. Unlabeled medium, plus leucine; acids as in 1, above, plus 
a-ketoisocaproic, isovaleric, and HMG, together with an un- 
known which cochromatographed with MVA. Ry, values for 
the last two spots and for authentic HMG and MVA were as 
follows: 0.80 and 0.83 in butanol, acetic, water (4:1:5); 0.48 and 
0.62 in ethanol, ammonia, water (85:5:15). 

3. Labeled glucose, no leucine; all acids listed in 1 were active. 
A little activity was detected in the position normally occupied 
by HMG, but the amount of acid was apparently too small to be 
detected by indicator sprays. 

4. Unlabeled medium plus leucine-C™ (2-, 3-, 4-, or 5-C"). 
Some activity was found in the tricarboxylic acid cycle acids, 
but the major portion occurred in the @-hydroxybutyric, a-keto- 
isocaproic, isovaleric, HMG, and the unknown. 

5. Unlabeled medium, no leucine, C“O.; no significant labeling 
was observed in any spot. 

6. Unlabeled medium, inert leucine, CO; labeling was almost 
exclusively confined to HMG and the unknown. 
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DISCUSSION 


The results with p1-leucine-5-C" indicate that incorporation of 
carbon atoms 5 and 5’ of leucine into carotene is very substan- 
tially higher than the incorporation of the C-3, and slightly less 
than twice that for the C-4 (13). Carbon atoms 5 and 5’ are in 
fact equivalent, although only one is labeled in our experiments. 
If an iso-C-3 fragment to be incorporated into an isoprenoid re- 
peating unit is indifferently composed of 5, 5’, and 4, or 5, 4, and 
3, or 5’, 4, and 3, then under our experimental conditions, the 
ratio for incorporation of carbon 4 to either carbon atoms 3 or 5 
should be 3:2, based on the number of carbon atoms incorporated 
into the carotene molecule, derived from each of the 3 positions 
in leucine. This is not the case as the ratio for C-4 to C-3 is 
slightly greater than 2:1. 

The carboxy! carbon of leucine is readily lost as COs, and is 
not incorporated (9). Since leucine stimulates carotene produc- 
tion, the contributions of the remaining carbons can now be 
settled. In 1949, Coon and Gurin (16) showed that the a and 8 
carbons of leucine split off as a 2-carbon fragment capable of 
condensing to acetoacetate. Similar results were obtained by 
Zabin and Bloch (17) with isovalerate which split into 3- and 
2-carbon fragments, both of which could be metabolized to aceto- 
acetate. However, the isopropyl group was more readily con- 
verted to ketone bodies and less rapidly to CO, than the 2-carbon 
fragment. Bloch (18) had early postulated that isovalerate was 
an intermediate in leucine metabolism. The next important 
finding was the incorporation of CO, into the carboxyl group of 
acetoacetate by Plaut and Lardy (19, 20) and Coon (21). Coon 
showed that the 3-carbon fragment of isovalerate became the a, 
8, and y carbon atoms of acetoacetate and that the carboxyl 
originated via CO.-fixation. The current picture, as summarized 
by Coon and Robinson (22) involves the addition of CO, to B-hy- 
droxyisovalerate CoA (HIV-CoA) to form HMG-CoA.  Bach- 
hawat and Coon (14) studied the breakdown of HMG-CoA to 
Ac-CoA and free AcAc. Rudney (23), on the other hand, has 
emphasized the necessity of AcAc-CoA and Ac-CoA in the re- 
verse reaction to form HMG-CoA. 

Our results with 2-, 3-, 4-, and 5-labeled leucines yielding la- 
beled HMG substantiate the conversion of leucine to HMG. 
The detection of labeled intermediates is in harmony with the 
postulated steps. The production of labeled HMG from inac- 
tive leucine and CO, points to the presence of a CO.-fixing en- 
zyme in the mold. This is substantiated by the demonstration 
that when the mold is grown in the presence of leucine, fluoride- 
inhibited extracts give a positive test for the system, as shown 
by liberation of pyrophosphate from ATP. This is not the case 
when the mold is grown in the absence of leucine. 

We may assume that our leucine-derived HMG is formed as 
shown in the scheme and has the following structure based on the 
leucine numbering, with x representing the carbon fixed from 
COs. 

If it is to be postulated that HMG is a direct intermediate of 
MVA and isoprenoid units, the incorporation of carbons 3, 4, 5, 
and 5’ of leucine into carotene should be identical, and this is not 
borne out by our experiments. It is possible to resolve this ap- 
parent contradiction by postulating a rapidly attained equilib- 
rium with the acetoacetate pool, thereby diluting 2, 3, and 5 of 
leucine, but 4 only to a limited extent depending on the degree of 
equilibration of the AcAc formed with the acetate pool. Even 


here, it would be restored to its unique position in AcAc 50 per 
cent of the time. 


In the remaining 50 per cent, it would occupy 
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5-4-3-2-1 leucine 


| 
5’ 


CH;—-CH—CH.CO.COOH 


a-ketoisocaproic acid 


CH; 


CH;—CH—CH.COOH 


isovalerate 


CH; 


CH;-—-COH—CH:—COOH (8-hydroxyisovalerate) 


CH; 


HMG 


the end position of HMG, and would again have a 50 per cent 
chance of being incorporated into carotene. This rapidly at- 
tained equilibrium of HMG with the acetoacetate pool which 
we have postulated must be contrasted with a much slower con- 
version of HMG to MVA. The following scheme again makes 
use of the leucine numbering: 


x-5-4-3-2.  leucine-derived HMG 


5 
| AcAe-CoA 


x-5-4-5’ 
Mevaldie acid or 
2-3-4-5' 
MVA + Ac-CoA 3-2 
or 
Isoprenoid x-5 


Possible units include: 


-5-4-u-u- -5-4-3-u- 
5’ 5’ 

-5-4-u-u- -u-2-5’-4- 
3 3 

-x-4-3-2- -u-2-u-u- 
5! 3 


where x represents the carbon atom of the CO, fixed enzymati- 
cally, and u, unlabeled carbon atoms drawn from existing acetate 
or acetoacetate pools. The only other alternative is an obliga- 
tory conversion of HMG to AcAec before the formation of an 
isoprenoid precursor. 

Our experiments with labeled HMG and MVA show limited 
incorporation into carotene, and in the case of MVA, no stimula- 
tion of carotene synthesis. It may be argued that since these 
compounds are not added as CoA or phosphorylated derivatives, 
they are not in equilibrium with the pool. Assay of the medium 


é | 
| 
+ CO: 
x-5-4-3-2 
5) 


602 Carotene Biosynthesis 


for activity, before and after growth, indicates however that 
they were utilized to a much greater extent than the incorpora- 
tion data would suggest. The fact that the label in the HMG, 
and to a lesser extent in the MVA, is not always found within 
the carotene molecule in positions predictable on the basis of 
unit incorporation supports this view. 

This lack of predictability or randomization amounts to 15 per 
cent in the case of MVA-2-C"™, and is between 5 and 10 per cent 
for the 5-carbon of leucine. 

On the basis of our exclusion experiments with HMG, more 
extensive incorporation is indicated than is found by use of 
labeled substrates, so that the pathway to the active pool (pre- 
sumably AcAc) indicates recycling and dilution. It is possible 
to apply the same argument to the exclusion experiments of 
Braithwaite and Goodwin (24) who used acetate-2-C', leucine, 
and MVA. 

In view of the reversals of opinion over the past few years as 
to the roles played by methylcrotonate and HMG in isoprenoid 
and cholesterol syntheses, it is well to examine critically the 
evidence for MVA as a direct precursor of carotene. 

MVA is in fact utilized although it does not stimulate growth 
in Phycomyces. Combustion of the medium, before and after 
growth of the organism, when over 80 per cent of the glucose has 
been utilized, showed only a 2-fold increase in specific activity, 
so that over 50 per cent of the MVA was utilized, with no signifi- 
cant evolution of 

Recent evidence presented by Ferguson et al. (25) suggests 
that HMG-CoA can be converted to MVA._ Since acetyl-1-C™ 
CoA was used to obtain HMG-1-C", the evidence is not a con- 
clusive proof that the label was not recycled through an aceto- 
acetate pool. However coupled with the incorporation of the 
C-2 of MVA into lycopene, demonstrated by Shneour and Zabin 
(26) with relatively small randomization, evidence is accumulat- 
ing that HMG is involved in carotenoid synthesis in plants, and 
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the precise relationship of HMG and MVA to the acetoacetate 
pool should be established. For this reason, we have sketched 
broken arrows from MVA and from the acetoacetate pool to the 
isoprenoid precursor, even though the preponderance of evidence 
now favors MVA in this role. 

However, the problem of handling C-2 and C-3 fragments is 
variously solved by different organisms. Among many anti- 
biotics of the macrolide class, the condensing units are active 
acetyl or propiony! residues, or both. Even if, as suggested by 
Woodward (27), the macrolides represent rudimentary steroid 
substitutes, we do not need to insist on too close a parallelism 
between carotenoid and steroid syntheses until rigorous proof 
shows this to be the case. 


SUMMARY 


With data presented on the incorporation of the carbon atoms 
5 and 5’ of leucine, we have completed our study of the contribu- 
tions of the individual leucine carbon atoms to the carotene 
molecule in a biosynthetic pathway by the mold Phycomyces 
blakesleeanus. 

Data on the incorporation of the carbon atoms 2 and 3 of 
B-hydroxy-8-methylglutarate and of the carbon 2 of mevalonate 
are also presented. Difficulties in interpretation are discussed, 
but if these latter compounds are to be accepted as intermediates 
in the synthesis of carotene, the key position occupied by the C-4 
of leucine (equivalent to the C-3 of B-hydroxy-G-methylglutar- 
ate) can be explained in terms of recycling with an active aceto- 
acetate pool. 
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S-Adenosy]-L-homocysteine has been characterized by Can- 
toni and Scarano (1) as the product of enzymatic transmethyla- 
tions from S-adenosyl-t-methionine and its structure has been 
unequivocally established through total synthesis by Baddiley 
and Jamieson (2). Very little is known, however, about its 
metabolic fate. Ericson et al. (3) have reported that, in crude 
rat liver extracts, this compound undergoes enzymatic destruc- 
tion. Since formation of methionine was observed by these 
investigators when the extract was supplemented with betaine 
as a source of methyl groups, it may be presumed that one of 
the products of this reaction is homocysteine. 

In the course of investigations of other possible reactions in 
which S-adenosyl-L-homocysteine might participate, it was ob- 
served that extracts from rat liver are able to catalyze the 
reversible hydrolysis of S-adenosyl-t-homocysteine and, indeed, 
that the equilibrium lies far in the direction of synthesis. The 
enzyme which catalyzes the reaction shown in Equation 1 


Adenosine + homocysteine — adenosyl-homocysteine + HO (1) 


has been found in the liver of several mammalian species, and 
has been purified from extracts of rat liver. In the present com- 
munication, the purification and properties of the enzyme from 
rat liver, the identification ‘of the reaction products, and some 
of the characteristics of the reaction will be discussed. 


EXPERIMENTAL 


Materials and Methods 


S-Adenosyl-L-methionine was prepared enzymatically (4). 
Adenosine, adenosine-8-C'", L-methionine, and pL-homocysteine 
were commercial preparations. L-Homocysteine was prepared 
according to Riegel and du Vigneaud (5) from t-homocystine 
(kindly supplied by Dr. J. P. Greenstein). The deoxynucleosides 
discussed below were obtained from the California Foundation 
for Biochemical Research. A tryptic digest of calf intestinal 
mucosa from Armour and Company was a suitable source of 
adenosine deaminase. 

Guanidinoacetic acid methylpherase was purified from pig 
liver by the following modification of the method previously 
described (6). The ammonium sulfate precipitate obtained in 
Step 1 is dissolved in 0.05 mM, sodium acetate buffer, pH 5.2 


* Twelfth paper in a series on enzymatic mechanisms in trans- 
methylation. 

A preliminary report was presented before the meeting of the 
American Society of Biological Chemists at Chicago, April 1957. 

t With the technical assistance of Mr. Henry H. Richards. 


(100 ml. per kg. of liver extracted), and dialyzed against the 
same buffer for 4 hours, with hourly changes of buffer, and 
clarified by high-speed centrifugation. Next, the supernatant 
fluid is diluted with water to a protein concentration of about 
22 mg. per ml. and treated with 1.2 mg. of calcium phosphate 
gel per mg. of protein with use of a gel suspension of approxi- 
mately 20 mg. dry weight per ml. After centrifugation, neutral- 
ized glutathione is added (10 mg. per 100 ml. of supernatant 
fluid), this solution is lyophilized to a small volume, and the 
protein concentration adjusted to about 15 mg. per ml. Next, 
solid ammonium sulfate is added at 4° (17.6 gm. per 100 ml. or 
to 30 per cent of saturation), the mixture is centrifuged and the 
precipitate discarded, and to the supernatant fluid solid ammo- 
nium sulfate is again added (6.2 gm. per 100 ml. or to 40 per 
cent saturation). The precipitate is collected by centrifugation, 
dissolved in 0.02 mM sodium phosphate buffer, pH 7.2 (5 ml. for 
each kg. of liver), and dialyzed against this buffer for 5 hours. 
Neutralized glutathione (1 mg. per ml. of enzyme solution) is 
then added to stabilize the preparation. Under these conditions, 
no appreciable activity was lost when the enzyme was stored at 
— 20° for several months. 

Klectrophoretically homogeneous thetin-homocysteine methyl- 
pherase (7) was kindly supplied by Dr. Jack Durell. 

For the determination of sulfhydryl groups, the nitroprusside 
method reaction as described by Grunert and Phillips (8) was 
used. Protein concentration was determined by the method 
of Warburg and Christian (9). Creatine was determined by the 
alkaline picrate method of Jaffe after adsorption on and elution 
from Lloyd’s reagent (10). Alumina gel Cy was prepared ac- 
cording to Bauer (11), and calcium phosphate gel according to 
Keilin and Hartree (12). 

Method of Assay—The enzyme can be assayed by determining 
the disappearance of homocysteine sulfhydryl groups on in- 
cubation with adenosine. In the initial steps of purification 
(Steps 1 and 2), it was necessary to measure activity anaerobically 
since homocysteine is oxidized in the presence of air. This 
oxidation is presumably caused by hydrogen peroxide formed 
by the action of xanthine oxidase, as is suggested by the fact 
that enzymatic incubation of homocysteine anaerobically with 
inosine or hypoxanthine does not result in the disappearance of 
—SH groups, but does so in the presence of air. In later steps, 
however, it is no longer necessary to perform the reaction anaero- 
bically since very little homocysteine disappears in the course 
of the assay as described below. In a final volume of 1.0 ml., 
the following components are included: 40 umoles of sodium 
succinate buffer (pH 6.3), 10 umoles of adenosine, and 10 ymoles 
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pL-homocysteine. For the anaerobic assay, 0.9 ml. of the 
reaction mixture was placed in a Thunberg tube, 0.1 ml. of the 
enzyme solution was placed in the side arm, and the tube evac- 
uated at ice bath temperature for 2 minutes. The reaction 
mixtures were incubated at 37° for 3 minutes at which time the 
contents were mixed and the reaction was allowed to proceed 
for 30 minutes. The reaction was performed aerobically in 
small test tubes under otherwise identical conditions. A con- 
trol reaction mixture without adenosine was included, as well 
as a zero time control to be used as standards for the determina- 
tion of —SH groups. To terminate the reaction, the samples 
were cooled in ice for a few minutes, 1.0 ml. of 6 per cent meta- 
phosphoric acid was added and, after 15 minutes, the samples 
were centrifuged, and an 0.1-ml. aliquot of the supernatant fluid 
was withdrawn for the determination of —SH groups. A unit 
of enzymatic activity is defined as the amount of enzyme which 
catalyzes the utilization of | umole of —SH groups in 30 minutes 
at 37°. Satisfactory proportionality to enzyme concentration 
is obtained in this assay. Ordinarily, two concentrations of 
enzyme were run and, after correction for nonenzymatic disap- 
pearance of sulfhydryl (which generally was found to be insignif- 
icant), the values were averaged and the sulfhydryl consumed 
was calculated from the value obtained from the zero time mix- 
ture as a standard. In a 30-second period of reaction, 0.5 
umole of pt-homocysteine has a color value by the nitroprusside 
test of about 330 in the Klett-Summerson photoelectric colorim- 
eter with a 540 my filter. 


Preparation of Adenosine-Homocysteine Condensing Enzyme 


Step 1. Extraction and Ammonium Sulfate Fractionation— 
Ten adult rats of approximately 300 gm. weight each were killed 
by a blow on the head and the livers quickly excised and placed 
on ice. All operations from this point on were carried out in 
a cold room at 4°. The livers were rinsed with distilled water, 
eut into small pieces, and homogenized for 35 seconds in 3 vol- 
umes of 0.01 N acetic acid with a Waring Blendor operated at 
about half maximal speed. The mixture was centrifuged for 20 
minutes in a Servall SS-1 centrifuge at 18,000 x g to yield a 
clear supernatant fluid. To 100 ml. of this solution, 24.3 gm. 
of solid ammonium sulfate were added with mechanical stirring 
in an ice bath for a period of more than 10 minutes. Stirring 
was continued for an additional 10 minutes and the mixture was 
centrifuged at 18,000 x g for 15 minutes, the precipitate being 
discarded. To each 100 ml. of the supernatant fluid, 6.3 gm. 
of solid ammonium sulfate were added as described above. 
After centrifugation, the precipitate (designated 40 to 50 per 
cent (NH,)2SO, in Table I) was dissolved in cold, distilled water. 


TABLE I 
Purification of adenosine-homocysteine condensing enzyme 
| Specific activity 
Fraction | Total units (units per mg. of 
| protein) 
40 to 50% 6500 3.0 
Calcium phosphate gel superna- 
0 to 80% (NHy4)2SO.............. 3600 10 
40 to ethanol.............. 1490 35 
Alumina gel Cy supernatant so- 
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Step 2. Calcitwm Phosphate Gel Treatment—This fraction was 
diluted to a protein concentration of 15 mg. per ml. It was 
then added to the centrifuged residue from an equal volume of 
calcium phosphate gel (approximately 20 mg. dry weight per m1), 
Inasmuch as different batches of calcium phosphate gel are not 
uniform, each batch should be titrated before use to ascertain 
the optimal amount to be used (it has been found necessary to 
accept about a 40 per cent loss in activity at this step). The 
gel residue was quickly dispersed in the diluted 40 to 50 per cent 
(NH,)SO, fraction, stirred occasionally over a period of 5 min- 
utes, and then centrifuged. To the supernatant fluid, solid 
ammonium sulfate was added, as described above, to 80 per cent 
saturation (56.1 gm. to each 100 ml.). After centrifugation as 
above, the precipitate was dissolved in cold, distilled water, 
This fraction (0 to 80 per cent (NH4)2SO;) may be stored at 
—20° before continuing the fractionation procedure on the fol- 
lowing day. After the calcium phosphate gel step, determina- 
tions of enzymatic activity may be performed aerobically. 

Step 3. Ethanol Fractionation—The 0 to 80 per cent (NH,).S0, 
fraction was dialyzed against 50 volumes of 0.05 M_ potassium 
phosphate buffer (pH 6.9), with half-hourly changes of buffer 
over a period of 4 hours. Ethanol fractionation was performed 
ina Dry Ice ethanol bath, the protein solution being maintained 
at —2 to —6° after sufficient alcohol was added at 0° to prevent 
freezing. Ethanol was added with constant mechanical stir- 
ring to 40 per cent volume for volume over a period of 5 minutes. 
The mixture was then centrifuged at —6°. To the supernatant 
fluid, sufficient ethanol was again added as described above, to 
reach 60 per cent volume for volume. The mixture was centri- 
fuged, and the precipitate dissolved in 0.05 M potassium phos- 
phate buffer (pH 6.9), as above. 

Step 4. Alumina Gel Cy Treatment—A gel preparation with 
a dry weight content of 22 mg. per ml. has been used. As in the 
calcium phosphate gel step, titration of the gel was performed 
on a pilot scale to determine optimal conditions of treatment 
(30 per cent loss with about a 2-fold degree of purification). 
The centrifuged residues of the desired amount of gel were used 
and were thoroughly dispersed into the 40 to 60 per cent ethanol 
fraction and stirred for 10 minutes. The mixture was then 
centrifuged and the gel discarded. 

A typical result of the fractionation procedure described above 
is summarized in Table I; the over-all recovery ranged from 10 
to 20 per cent of the activity present in the initial extract with 
a 60- to 80-fold increase in specific activity. The purified en- 
zyme is entirely free from methionine activating enzyme, 
thetinhomocysteine methylpherase, and guanidinoacetic acid 
methylpherase activity, and is practically devoid of adenosine 
deaminase. 


RESULTS 


Specificity and Properties of Condensing Enzyme—The enzyme 
was found to be quite specific with respect to both substrates. 
None of the following mercaptans could replace L-homocysteine 
as a substrate when tested at a concentration of 0.05 m: p-homo- 
cysteine, L-cysteine, glutathione, CoA, 3-mercaptoethylamine, 
3-mercaptoethanol, and thioglycolic acid. Likewise, L-homo- 
cystine and L-homocysteine thiolactone could not replace homo- 
cysteine. | 

The following nucleosides were tested at a final concentration 
of 0.01 m and found to be inactive as substrates: inosine, 2- 
deoxyadenosine, guanosine, 2-deoxyguanosine, xanthosine, cyti- 
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dine, 2-deoxycytidine, uridine, and thymidine. Also the 2’-, 3’-, 
and 5’-adenylic acids were ineffective, as was ribose itself. 

It should be mentioned here that in the presence of the purified 
enzyme, serine will not condense with homocysteine to yield 
cystathionine (13). 

Enzymatic Preparation of S-adenosyl-L-homocysteine—A large 
scale preparation of adenosyl-homocysteine was performed as 
follows. In a final volume of 100 ml., the following components 
were present: 1 mmole of adenosine, 4 mmoles of pL-homocysteine, 
(.5 mmole of potassium phosphate buffer (pH 6.5), 800 units of 
condensing enzyme (40 to 60 per cent ethanol fraction). The 
reaction mixture was then incubated at 37°. The reaction was 
followed by measuring —SH groups until an amount equivalent 
to the amount of adenosine used had been utilized. For this 
purpose, a sample was withdrawn and deproteinized with meta- 
phosphoric acid for a zero time determination of —SH groups 
immediately after addition of enzyme, and at 60 and 120 min- 
utes. After 120 minutes, the reaction was stopped with 5 ml. 
of 70 per cent perchloric acid and the mixture was cooled for 
approximately 1 hour in an ice bath. It was then centrifuged, 


and to the supernatant fluid 100 ml. of 20 per cent phospho- 


tungstic acid were added. After being stored in a cold room 
overnight, the precipitate was centrifuged in the cold and washed 
twice with 0.1 N sulfuric acid and then suspended in 50 ml. of 
0.1 n sulfuric acid. To decompose the phosphotungstate, this 
suspension was shaken at room temperature with a 1:1 mixture 
of n-butanol and ether. It was then centrifuged, the organic 
layer was siphoned off and discarded, the acid layer was de- 
canted, and the remaining precipitate resuspended in 30 ml. of 
0.1 n sulfuric acid and again treated as above. After centrifuga- 
tion and removal of the organic layer as before, the acid layer 
was combined with the first fraction. After addition of 50 
umoles of potassium phosphate buffer (pH 6.5), the solution 
was adjusted with 10 n KOH to pH 6.7 and lyophilized. The 
resulting dry powder was dissolved in water to a final volume 
of 15 ml. and the sulfate removed by addition of barium iodide 
(0.5m). The barium sulfate precipitate was centrifuged, washed 
once with water, centrifuged, and the wash solution was com- 
bined with the main fraction. Recovery of adenosyl-homo- 
cysteine was almost quantitative with negligible loss due to 
adsorption. The solution was again lyophilized, and the powder 
dissolved in water to a final concentration of about 0.05 M as 
judged by the absorption at 260 mu (F = 16 X 10%). Absolute 
ethanol was then added to a concentration of 50 per cent and 
the mixture placed in the cold room for a few hours. It was 
then centrifuged and the small gelatinous precipitate which 
contained only traces of ultraviolet absorbing material was dis- 
carded. Enough ethanol was added to the supernatant fluid to 
reach 94 per cent saturation and the suspension was kept at 4° 
overnight. The resultant amorphous precipitate was centri- 
fuged, washed twice with cold absolute ethanol and dried in a 
vacuum. At this stage, adenosyl-homocysteine is 70 to 80 per 
cent pure on a weight basis. Crystallization can be achieved by 
dissolving the powder in water to a final concentration of 0.045 
M, and freezing the solution overnight at —20°, placing the 
solution in ice the next day. Crystallization begins after a day 
or two. The crystalline product was collected by centrifuga- 
tion, washed once with a small volume of cold water and twice 
with cold absolute ethanol and then dried in a vacuum overnight 
at room temperature over P.O;. The yield is about 70 per cent. 
This material was then dried in a vacuum at 100° for 5 hours 
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with a weight loss of 4.63 per cent. Analysis agrees closely with 
the composition of the free base of adenosyl-homocysteine: 


(384.42) 
Calculated: C 43.73, H 5.24, N 21.86, S 8.34 
Found: C 44.32, H 5.32, N 21.53, S 8.49 


The melting point was 202° with decomposition; reported for 
the synthetic compound: 190 to 193° (2). The melting point 
of the picrate derivative was 170°; reported for the synthetic 
compound: 170° (2). 

Adenosyl-homocysteine, as would be expected, reacts as a 
thioether in the modified McCarthy-Sullivan method (7). It 
has an absorption peak at 500 mu, as compared with a peak at 
510 my for methionine. The molar extinction coefficient for 
methionine is 520 and for adenosyl-homocysteine, 290. 

To determine whether the substitution of the homocysteine 
residue is at the 5’ position of the nucleoside, a periodate oxida- 
tion was performed by the spectrophotometric procedure of 
Dixon and Lipkin (14). The theoretical value, equivalent to 
the adenosine content was obtained, thus establishing that the 
substitution is neither on the 2’ or 3’ hydroxyl group and must 
therefore be on the 5’ position. 

Methylation of S-adenosyl-i-homocysteine to S-adenosyl-x-me- 
thionine—As further evidence of the identity of the product of 
condensation of adenosine and homocysteine, it was converted 
to S-adenosyl-methionine by methylation as described by Bad- 
diley and Jamieson (2) and tested for enzymatic activity as a 
methyl donor (15). Adenosyl-homocysteine, 40 mg. of 66 per 
cent purity, was dissolved in 2 to 3 ml. of formic acid, 0.15 ml. 
of methyl iodide (about 30-fold excess) was added, and the tube 
was sealed and placed in the dark for 5 days. Some insoluble 
material which appeared was then removed by filtration, the 
solvent was removed by lyophilization and the residue was dis- 
solved in 2 ml. of 0.1 N HCl and extracted twice with ether. 

Then 8 ml. of a 1.5 per cent solution of ammonium reineckate 
in 5 per cent trichloroacetic acid were added to the aqueous 
fraction, and the mixture was placed in a cold room overnight. 
The precipitate was then centrifuged in the cold, washed twice 
with cold 0.75 per cent ammonium reineckate in 2.5 per cent 
trichloroacetic acid, and finally dissolved in about 10 ml. of 
methylethyl ketone. This solution was extracted twice with 
5-ml. portions of 0.1 N sulfuric acid, the acid extracts were com- 
bined and extracted once with methylethyl ketone and once 
with ether, and then neutralized to pH 5.2 with sodium hydrox- 
ide. 

Ionophoresis of 0.4 uwmoles of the product in 0.2 mM acetate 
buffer of pH 5.2 was performed on Whatman No. | paper strips, 
with constant circulation of ice water through the chamber and 
operating at 8 volts per cm. A considerable amount of mate- 
rial remained at the origin and presumably was unchanged 
adenosyl-homocysteine. However, a new component represent- 
ing approximately 50 per cent of the total ultraviolet-absorbing 
material was observed migrating toward the cathode with the 
same mobility as authentic S-adenosyl-methionine. The areas 
containing this compound which were visible under ultraviolet 
light, were cut out and eluted overnight with 3 ml. of water. 
A corresponding area from a blank strip was also eluted and 
served as a blank for the spectrophotometric determination 
of S-adenosyl-methionine. The chemically methylated “syn- 
thetic’? S-adenosyl-methionine was compared to the natural sub- 
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TABLE II 
Creatine formation from S-adenosyl-t-methionine 

S-Adenosyl-methionine 1: enzymatically synthesized from me- 
thionine and ATP; 40.8 umoles per ml. S-adenosyl-methionine 2: 
product of the chemical methylation of adenosyl-homocysteine 
described in the text; 4.77 wmoles per ml. Concentrations indi- 
cated were determined spectrophotometrically after ionophoretic 
resolution and elution as described in the text. In a final volume 
of 2 ml. the following components were present: guanidinoacetic 
acid, 7.7 umoles; KH,PO, (pH 7.4), 100 wmoles; glutathione, 16.2 
umoles; guanidinoacetic acid methylpherase, (specific activity = 
0.3 umole of creatine formed per hour per mg. of protein) 19 units. 
The reaction was run for 3 hours at 37° and stopped with an equal 

volume of 6 per cent perchloric acid. 


Substrate | Incubated Creatine formed 

| umole pmole 

S-adenosyl-methionine 1........ | 0.816 0.772 

S-adenosyl-methionine 2........ 0.954 0.516 

S-adenosyl-methionine 1l........ 0.408 

+ 
S-adenosyl-methionine 2........ 0.477 0.652 
TaBLeE III 


Extent of hydrolysis of S-adenosyl-Lt-homocysteine by purified 
condensing enzyme under various conditions 

The reactions were carried out anaerobically in Thunberg 
tubes with the enzyme solution in the side arm. They were in- 
cubated at 37° for 90 minutes. The following components were 
present in a final volume of 1.0 ml: succinate buffer (pH 6.3), 
40 umoles; C'4-adenosyl-homocysteine (1.57 X 104 ¢.p.m. per 
umole), 2.92 wmoles; condensing enzyme (specific activity = 
25.7), 9.4 units; adenosine deaminase (specific activity such that 
0.5 umole was deaminated per minute per mg. of protein), 100 
ug. of protein; thetin, 10 uwmoles; thetin-homocysteine methyl- 
pherase, 567 units. 


Total counts 
Conditions in adenosine Hydrolysis 
+ inosine 
% 
Plus thetin-homocysteine methy]- 
pherase and thetin.............. 5,720 12.4 
Plus deaminase, thetin-homocys- 
teine methylpherase and thetin. . 20, 950 45.7 


stance as a methyl] donor in the enzymatic synthesis of creatine, 
and the results of this experiment are as summarized in Table 
II. The natural substance yielded the corresponding stoichio- 
metric amount of creatine. However the “‘synthetic” product, 
although active as a substrate for guanidinoacetic acid methyl- 
pherase, was only 50 per cent effective as a methyl donor. This 
is not due to the presence of an inhibitor, because the combina- 
tion of equal amounts of natural and synthetic S-adenosyl- 
methionine resulted in the synthesis of an amount of creatine 
equivalent to 75 per cent of the S-adenosyl-methionine used. 
Additional experiments have demonstrated that, under the con- 
ditions of the experiment described, the reaction reached com- 
pletion in 30 to 60 minutes, and further addition of S-adenosyl- 
methionine leads to further synthesis of creatine again equivalent 
to the amount of the nucleoside introduced. 
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The amino acid residue of synthetic S-adenosyl-methionine 
has the L configuration and it may be presumed that the sub- 
stance is racemic with respect to the sulfonium group. The 
above results thus indicate that only one of the 2 stereoisomers 
is active as a methyl donor. Final proof, however, must await 
resolution of the chemically methylated S-adenosyl-methionine. 

The finding that guanidinoacetic acid methylpherase is stereo- 
specific with respect to the methyl! donor is of particular interest 
in that it was found earlier (7) that thetin-homocysteine methyl- 
pherase is able to catalyze the utilization of both methyl] stereo- 
isomers in methyl-ethylacetothetin. 

Hydrolysis of S-adenosyl-t-homocysteine by Purified Condensing 
Enzyme—With the purified condensing enzyme it was ob 
served that the extent of hydrolysis of the thioether was very 
small. Hydrolysis could however be accelerated by trapping 
enzymatically either one of the products of the reaction, namely 
adenosine with adenosine deaminase, and L-homocysteine with 
thetin-homocysteine methylpherase. Furthermore, the extent 
of reaction was greatest when both products were removed 
(Table III and Fig. 1). Fig. 1 also shows that, in the absence 
of the homocysteine trapping system, the initial rate is the same. 

For the experiment detailed in Table III, adenosy]l-homo- 
cysteine was prepared enzymatically from adenosine-8-C™ and 
isolated and purified through the ethanol precipitation as de- 
scribed above. The reaction was stopped with perchloric acid, 
and after neutralization with KOH and removal of the potas- 
sium perchlorate, aliquots were chromatographed on Whatman 
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Fic. 1. Comparison of rate of enzymatic decomposition of 
adenosyl-homocysteine (ASR) in the presence and absence of 
thetin and thetin-homocysteine methylpherase. The following 
components were present in both reactions represented by Curves ! 
and 2: 0.1 ml. of 1.0 Mm potassium phosphate buffer, pH 7.4; 0.25 ml. 
of adenosyl-homocysteine, 0.75 pmole per ml.; 0.1 ml. of adenosine 
deaminase, 1 mg. protein per ml., (specific activity = 0.5 pmole 
of adenosine deaminated per minute per mg. protein); 0.15 ml. of 
adenosyl-homocysteine condensing enzyme, 82 units per ml. (spe- 
cific activity = 41, purified through alumina gel Cy step). In the 
reaction mixture represented by Curve 1, there were present i0 
addition to the above components, 0.1 ml. of 0.1 m thetin and 0.15 
ml. of thetin-homocysteine methylpherase, 2000 units per ml. 
Water was added to a final volume of 3.0 ml. The reaction wa 
started by the addition of the condensing enzyme (abbreviated 
to ASR enzyme) and the reaction followed at 265 mp with Beck: 
man model DU spectrophotometer. 
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TABLE IV 
Stoichiometry of reaction between adenosine and L-homocysteine 


The reactions were carried out anaerobically as described in 
Table III. The complete system contained 40 wmoles of KH2PO, 
buffer (pH 6.3), 10.2 umoles of adenosine, 10 wmoles of L-homo- 
cysteine, and 5 units of adenosine-homocysteine condensing en- 
zyme, in a final volume of 1.0 ml. The reaction was stopped by 
the addition of 1.0 ml. of 6 per cent perchloric acid. Samples of 
0.1 ml. of the perchloric acid filtrates were used for the determina- 
tion of sulfhydryl groups. Samples of 1.0 ml. of the perchloric 
acid filtrates were neutralized to pH 6.5 with KOH and after re- 
moval of the potassium perchlorate analyzed enzymatically as 
described in Fig. 1. 


Incuba- A A 4 
Reaction mixture composition Adenceine homo. 
min pmoles pmoles pmoles 
0 0 0 0 
30 —3.10 | —3.34 | +2.76 
Minus homocysteine......... 30 0 0 
Minus adenosine............. 30 —0.24 0 
Minus enzyme............... 30 0 —0.24 0 


No. 1 paper with a solvent consisting of 95 per cent ethanol, 1 
M ammonium acetate pH 7 (7:3, volume for volume) (16). In 
this solvent, inosine and adenosine have the same Ry (0.6), 
however the Rr for adenosyl-homocysteine is 0.4. The inosine- 
adenosine area, and the adenosyl-homocysteine area were located 
under ultraviolet light, cut out, and eluted with 0.01 n HCl 
overnight. Aliquots were plated on glass planchets and the 
radioactivity was determined. The degree of hydrolysis is the 
per cent of the total counts (Rr 0.4 plus Rr 0.6) found in the 
area of R PF 0.6. 

It can be seen in Table III that, in the absence of any trap- 
ping agents, the hydrolysis of the thioether was very slight (2.2 
per cent). It appears that hydrolysis had reached equilibrium 
since more prolonged incubation, or addition of more enzyme, 
failed to increase the formation of adenosine. On the other 
hand, hydrolysis takes place readily when both products of the 
reaction are trapped enzymatically. That .L-homocysteine is 
one of the products is clearly indicated by the effect of thetin 
and thetin-homocysteine methylpherase which specifically meth- 
ylates L-homocysteine (7). Furthermore, when the reaction was 
carried out in the presence of thetin labeled in the methyl group 
with C4, radioactive methionine could be found after chroma- 
tography in butanol-acetic acid-water (4:1:5). Likewise, the 
effect of adenosine deaminase indicates that adenosine is the 
other product of the hydrolysis of adenosyl-homocysteine.  Fi- 
nally, it is noteworthy that the results obtained in which only 
one of the products was removed enzymatically indicate prod- 


uct inhibition by both adenosine and t-homocysteine. The 
equilibrium of this reaction may be calculated thus: 
(adenosine) (L-homocysteine) 
(S-adenosyl-L-homocysteine) 
4 10-5) (6.4 10-6 
_ 64 xX )(6.4 X 


(2.85 X 107%) 


Stoichiometry—The stoichiometry of the reaction between 
adenosine and u-homocysteine is demonstrated in Table IV. 
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Fic. 2. Enzymatic assay of adenosyl-homocysteine (ASR). 
The following components were present in the reaction mixture: 
1.0 ml. of potassium phosphate buffer, 0.1 m pH 7.4; 0.3 ml. of 
neutralized perchloric acid filtrate, diluted 1:10 with water, of 
the complete reaction mixture incubated for 30 minutes shown in 
Table IV; 0.03 ml. of thetin-homocysteine methylpherase, 1600 
units per ml.; 0.1 ml. of 0.1 m thetin, pH 7; 0.14 ml. of adenosyl- 
homocysteine condensing enzyme, 97 units per ml. (specific ac- 
tivity = 21.6, purified through ethanol step); 0.1 ml. of adenosine 
deaminase, 1 mg. protein per ml., (specific activity = 0.5 umole of 
adenosine deaminated per minute per mg. of protein); water to a 
final volume of 3.0 ml. 0.07 ml. of a solution of pure adenosyl- 
homocysteine, 0.726 wymoles per ml. Adenosine deaminase was 
added at zero time, and other additions when indicated, and the 
reaction followed at 265 mp with a Beckman model DU spectro- 
photometer. 


The reaction was carried out anaerobically to minimize the non- 
enzymatic disappearance of sulfhydryl groups. Disappearance 
of adenosine was determined enzymatically with adenosine 
deaminase, and that of sulfhydryl groups by the nitroprusside 
reaction as described. Adenosyl-homocysteine was determined 
spectrophotometrically by coupling the condensing enzyme to 
adenosine deaminase and thetin-homocysteine methylpherase 
and thetin as described in Fig. 2. It is evident that this sys- 
tem affords a rapid and convenient method of assay for aden- 
osyl-homocysteine. 


DISCUSSION 


The enzymatic condensation of a mercaptan with a primary 
alcohol to yield a thioether is a reaction of fairly widespread 
occurrence. Thus, serine and homocysteine have been shown 
by Binkley (13) to condense to yield cystathionine in the pres- 
ence of an enzyme from rat liver; Wolff et al. (17) have demon- 
strated the synthesis of S-methylcysteine from serine and methyl 
mercaptan with an enzyme from yeast, and, more recently, 
Schlossmann and Lynen (18) have demonstrated the synthesis 
of cysteine from serine and hydrogen sulfide in yeast. In all the 
instances mentioned, the equilibrium lies far in the direction of 
condensation, the primary alcohol is the amino acid serine, and 
pyridoxal phosphate is a required cofactor. Although the re- 
action reported here is similar to those mentioned, it differs 
in that adenosine is the primary alcohol, and no requirement for 
pyridoxal phosphate or any other cofactor could be demon- 
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strated. The reaction catalyzed by the adenosine-homocysteine 
condensing enzyme may be a model for other reactions involving 
homocysteine, specifically those leading to the biosynthesis of 
methionine de novo from 1-carbon fragments. In such a case, 
one might postulate a condensation of homocysteine with hy- 
droxymethyltetrahydrofolic acid (19), or a closely related deriva- 
tive, to give an intermediate from which methionine might arise 
by reductive cleavage. 

In view of the equilibrium constant of the reaction here de- 
scribed, and in view of the fact that methionine, and therefore 
adenosyl-homocysteine, is the only known metabolic source of 
homocysteine in mammalian systems, it is understandable why 
the latter has not been found free in tissues. Recently however, 
its oxidation product has been reported to occur in human 
adrenals, and in higher concentration in adrenals from a case of 
pheochromocytoma (20). Since the epinephrine content of such 
adrenals is frequently very high, the demand on the methionine 
reserves for the methylation of noradrenalin may lead to an 
elevated concentration of adenosyl-homocysteine, and thus of 
homocysteine, with which as demonstrated here it is in equilib- 
rium. 

The central problem which prompted this investigation is yet 
not fully answered. In the light of the facts presently available, 
it is impossible to say whether adenosyl-homocysteine in vivo is 
hydrolyzed to homocysteine and adenosine, or whether it is also 
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SUMMARY 


1. An enzyme has been found in rat liver which condenses 
adenosine and L-homocysteine to yield S-adenosyl-L-homocys. 
teine which was identified (a) chromatographically, (6) by meth- 
ylation to S-adenosyl-L-methionine identified by paper iono- 
phoresis and enzymatically, and (c) by elementary analysis of 
the crystalline product as well as by the melting point of this 
material and its picrate derivative. 

2. The equilibrium of this reaction lies far in the direction 
of condensation. However, S-adenosyl-L-homocysteine will be 
hydrolyzed by this enzyme if the products of the reaction, ad- 
enosine and L-homocysteine, are removed enzymatically. 

3. A convenient method for the enzymatic synthesis of 
S-adenosyl-L-homocysteine and its isolation and crystallization 
is described. 

4. A rapid spectrophotometric assay for S-adenosy]l-t-homo- 
cysteine has been developed with the use of the condensing 
enzyme coupled to adenosine deaminase and thetin-homocysteine 
methylpherase. 

5. The enzyme is highly specific for adenosine and .L-homo- 
‘cysteine. No other nucleoside or mercaptan tested would sub- 
stitute. 

6. On methylation of S-adenosyl-L-homocysteine, S-adenosyl- 
L-methionine is obtained which was shown to be only 50 per 
cent effective in the enzymatic methylation of guanidinoacetic 


metabolized through a pathway not yet discovered. to creatine. The significance of this result is discussed. 
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Factors Influencing the Development of Tyrosine-o-ketoglutarate 
Transaminase Activity in Rat Liver* 
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Previous studies in this laboratory (1, 2) demonstrated that 
the livers of the fetal rat and of the premature human infant ex- 
hibit a markedly reduced ability to oxidize tyrosine, in contrast 
to the much higher activity of livers obtained from neonatal rats 
and full term infants. The reduced activity of the livers of 
premature infants and fetal animals was ascribed to lack of 
tyrosine-a-ketoglutarate transaminase (2), an enzyme of particu- 
lar interest since it may control the rate of the over-all reaction 
3). 
| An adaptive increase in activity of tyrosine transaminase in 
livers of adult rats after parenteral administration of either sub- 
strate (i.e. tyrosine) or hydrocortisone has recently been reported 
by Lin and Knox (4). In the adrenalectomized rat there is no 
increase in activity after the administration of tyrosine unless 
hydrocortisone is simultaneously injected. These observations 
suggested that substrate availability and secretions of the adrenal 
cortex may have an important influence on any abrupt increase 
in the activity of this enzyme, such as that which occurs at birth. 
The present studies were conducted to determine precisely the 
developmental pattern of the activity of hepatic tyrosine trans- 
aminase and to investigate the role of the adrenal cortex and the 
effect of substrate. 


EXPERIMENTAL 


Materials and Methods 


Rats of the Long-Evans strain were used in all experiments. 
A female rat was placed with a male in the evening and in the 
morning a vaginal smear was made. If positive, the time of 
conception was taken as midnight; thus the maximal error in 
determining the gestational period was less than 1 day. The 
exact age of newborn rats was recorded by close observation of 
the time of delivery. The newborn animals were removed im- 
mediately from the mother and kept warm under an electric 
lamp until killed. 

Bilateral adrenalectomy was performed under ether anesthesia 
with special microinstruments manufactured by Moria Cie., 
Paris, and designed by Professor Alfred Jost (5). A single 1-cm. 
long, midline incision of the dorsal skin was made. The adrenals 
were exposed and removed with relatively little trauma through 
two small incisions, 3 to 4 mm. long, in the muscle wall. The 
operation was initiated immediately after birth and was complete 


* Supported in part by a research grant (No. PHS A-389) from 
the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, and the Nephrosis Foundation 
of New York. 

t Present address, Clinica Pediatrica, Universita di Ferrara, 
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within 15 to 20 minutes. The newborn rats apparently tolerated 
the operation well; after 2 or 3 hours their gross appearance was 
similar to that of nonadrenalectomized controls. Several sham 
operations were done to determine possible influence of trauma 
on tyrosine transaminase activity. 

In order to administer materials to fetuses, laparotomies were 
performed on pregnant rats under ether anesthesia, and injections 
were made directly through the uterine wall into the fetal peri- 
toneum. When the operation was completed the abdomen was 
closed with clips. 5 hours after the laparotomy the pregnant 
rats were killed and fetuses removed. The intraperitoneal route 
also served in administering materials to newborn animals, except 
where otherwise indicated. 

Fetal and newborn animals were killed by decapitation and 
adults, by a blow to the head. The livers were removed as ° 
quickly as possible and rapidly homogenized in an ice bath with 
9 parts of 0.25 m sucrose. The enzyme assay used is a modifica- 
tion of that described by Lin and Knox (4). Aliquots of homog- 
enates were added to beakers containing 6 wmoles of L-tyrosine, 
30 wg. of pyridoxal phosphate, 50 umoles of phosphate buffer, 
pH 7.4, and 5 wmoles of diethyldithiocarbamate made to a final 
volume of 2.5 ml. with 0.25 m sucrose. After a preincubation of 
the mixtures for 3 minutes at 37°, the reaction was initiated by 
the addition of 30 umoles of a-ketoglutarate. 

A 10-minute period of shaking in the Dubnoff metabolic 
shaker at 37° followed, after which the reaction was stopped by 
addition of 0.5 ml. of 30 per cent trichloroacetic acid. The mix- 
tures were centrifuged to remove denatured protein, and 1.0-ml. 
aliquots of the clear supernatants were assayed for p-hydroxy- 
phenylpyruvate by a modification of the Briggs reaction (6). 
Each assay was made with two different enzyme concentrations, 
and values obtained with control vessels, to which trichloroacetic 
acid was added prior to enzyme, were subtracted. The amount 
of diethyldithiocarbamate added was sufficient to reduce oxida- 
tion of p-hydroxyphenylpyruvate to negligible amounts, and 
product formation was demonstrated to be a linear function of 
enzyme concentration over a 10-fold range. Activity of tyrosine- 

a-ketoglutarate transaminase is expressed in units, with 1 unit 
defined as the amount of enzyme which catalyzes formation of 1 
ug. of p-hydroxyphenylpyruvate under the conditions described. 
The protein content of homogenates was estimated by the Ma- 
Zuazaga modification (7) of the micro-Kjeldahl procedure. 


RESULTS 


The changes in activity of liver tyrosine transaminase that 
occur during develepment of the rat are illustrated in Fig. 1. 
Activity of the enzyme during fetal life is very low, representing 
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Fic. 1. Changes in activity of liver tyrosine transaminase 
during development of the rat. Each point represents a single 
animal. 


TYROSINE TRANSAMINASE ACTIVITY 


TABLE I 


Effect of parenterally administered Amphenone at birth on 
development of liver tyrosine transaminase in rat 
A single injection of Amphenone-B was given at birth to each 
experimental animal; litter mate controls received a comparable 
volume of isotonic NaCl. The data reported are calculated from 
the average of determinations from two to three experimental 
and two to three control animals in each age group. 


Tyrosine transaminase activity 
Age 
Experiment 1 Experiment 2 
hrs. % of control 
2 50 52 
4 51 70 
6 100 150 
> 
= z 100+ LJ CONTROLS 00 
ab ADRENALECTOMIZED 
uJ a 80}- ° 
a 
° 
zs 
2 2 5 8 2 
> AGE (HOURS) 


Fic. 2. The effect of adrenalectomy at birth on development 
of tyrosine transaminase in the livers of rats. Each point rep- 
resents one animal, and the heights of the bars represent the 
means. These data are from experiments on several different 
litters of rats. Animals subjected to sham operations are included 
with controls, since they did not differ significantly from their 
nonadrenalectomized litter mates. 
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between 10 and 20 per cent of that of adult livers. There js 
little change in activity in the Ist hour after birth; beginning 
with the 2nd hour, however, tyrosine transaminase activity in- 
creases strikingly and attains a level in livers of rats at 12 hours 
after birth nearly double that of the adult. In the subsequent 
36 hours the activity of this enzyme gradually drops, so that by 
the 2nd day after birth it has reached the value observed in livers 
from adult rats. The extensive scattering of values in Fig. 1 is 
a consequence of the fact that the data are derived from deter- 
minations made with many different litters of animals, since litter 
mates of the same age show a remarkable uniformity in activity 
of hepatic tyrosine transaminase. No appreciable difference in 
activity was observed when newborn animals, fasted for 12 hours, 
were compared to their fed litter mates. 

Tyrosine transaminase activity in the livers of either pregnant 
rats (average 85 units per mg. of protein) or a group of young 
females of pubertal age (average 86 units per mg. of protein) was 
found to be much higher than that of the usual adult controls 
(average 28 units per mg. of protein). 

The possibility that adrenocortical hormones are of importance 
in the rapid development of transaminase activity after birth 
was first investigated by means of injection of Amphenone', a 
compound known to inhibit synthesis of corticosteroids (8). 
Administration of Amphenone at birth resulted in a definite de- 
crease in activity of liver tyrosine transaminase, when measured 
at 2 or 4 hours after birth (Table I). This effect was no longer 
observed after 6 hours had elapsed between the time of injection 
and that of assay of the enzyme, a result which is not unexpected, 
since it is known (9) that a single injection of this drug induces 
adrenal insufficiency for only a limited time. When added 
directly to the assay system in vitro Amphenone had no effect on 
the tyrosine transaminase activity of liver homogenates, a find- 
ing which supports the assumption that Amphenone acts in- 
directly by inhibiting, at least partially, the formation of adrenal 
steroids. 

The role of the adrenal cortex was studied more directly by 
removal of the adrenals immediately after birth (Fig. 2). 8 and 
12 hours after the operation (7.e. after birth) tyrosine transam- 
inase activity in the livers of adrenalectomized animals was de- 
pressed to about 25 per cent of that in control and sham-operated 
litter mates. There was no decrease in hepatic transaminase 
activity of adrenalectomized animals killed 2 or 5 hours after the 
operation; this may reflect the effect of residual corticosteroids 
released during the operative handling of the glands. When 
adrenalectomy was delayed until 45 to 50 minutes after birth, 
the effect on liver tyrosine transaminase was quite variable; in 
two experiments in which the operation was so delayed there 
was little or no depression in activity 12 hours later. 

The administration of hydrocortisone to adrenalectomized 
newborn animals was quite effective in preventing the decrease 
in enzyme activity resulting from removal of the adrenal glands 
(Table II). In both experiments the activity of the livers of 
adrenalectomized, steroid-treated animals was similar to that of 
controls and was considerably higher than that of adrenalec- 
tomized litter mates that were not treated with the steroid. 

These observations indicate that release of adrenal steroids is 
indeed related to the sharp increase in tyrosine transaminase ac- 
tivity after birth, and suggest that this increase may be artifi- 

1 1,2-bis(p-Amino phenyl)2-methyl propanone-1-dihydrochlo- 
ride, generously supplied by Dr. Herbert Shepard of the Depart- 
ment of Biochemistry, Ciba Pharmaceutical Products, Ine. 
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TABLE II 


Effect of hydrocortisone on development of tyrosine transaminase 
in livers of adrenalectomized newborn rats 


Each experiment was carried out with rats from a single litter. 
Adrenalectomy was performed at birth, and adrenalectomized 
and contro] animals were killed 12 hours later. The group re- 
ceiving hydrocortisone was given a total of 0.2 mg. by subcuta- 
neous injections at the 2nd, 5th, and 10th hours. 


Tyrosine transaminase activity 
Treatment 
Experiment 1 Experiment 2 
units/mg. protein 
Adrenalectomized 9.8 | 24.5 
Adrenalectomized +  hydro- 42.0 | 39.0 
cortisone 50.5 65.0 
Controls 45.8 44.2 
45.9 
47.0 
47.2 
TABLE III 


Effect of parenteral administration of hydrocortisone, 
ACTH,* and tyrosine on activity of liver tyrosine 
transaminase during development 

Injections were made 5 hours before the animals were killed. 
Hydrocortisone (Upjohn Company) was given in a dosage of 0.2 
mg. ACTH (Armour Laboratories) at 0.2 units, and tyrosine 
was given at 10 wmoles per gm. of body weight (estimated as 5 
gm. for fetuses). Each figure reported is the average of deter- 
minations on two or three animals. 


Tyrosine transaminase 
Injection Age ‘Cam 
Controls Injected 
units/mg. protein 
Hydrocorti- | Fetuses at term 4.3 5.6 1.3 
sone 11 hrs. 39.7 51.1 1.3 
13 hrs. 52.9 70.7 1.3 
2 days 14.1 56.3 4.0 
ACTH Fetuses 17-20 days 3.3 3.6 1.1 
Fetuses 20 days 4.1 5.1 1.3 
Fetuses at term 4.3 7.8 1.8 
1 day 48.1 80.5 1.7 
2 days 32.4 89.5 2.8 
10 days 25.8 88.5 3.4 
L-Tyrosine Fetuses 17-20 days 3.3 6.6 2.0 
Fetuses 20 days 4.1 5.1 1.2 
Fetuses at term 4.3 10.2 2.4 
16 hrs. 46.2 108.0 2.3 
1 day 48.1 79.5 1.7 
2 days 32.4 85.9 2.7 
10 days 25.8 87.8 3.4 


* Adrenocorticotropic hormone. 


cially induced during fetal life, when the activity of this enzyme 
is normally very low. As can be seen in Table III, however, 
parenteral administration of either hydrocortisone, adrenocorti- 
cotropic hormone, or of tyrosine, all of which are capable of 
causing large (5- to 10-fold) increases in tyrosine transaminase in 
the livers of adult rats, effected only very slight elevation in the 
low activity of fetal livers. In contrast, when these substances 
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are administered 11 hours or more after birth, after the enzyme 
has fully developed, all were effective in inducing a marked in- 
crease in tyrosine transaminase activity. This induced increase 
in activity becomes greater on a relative basis as the animals 
enter the stage (2 to 10 days after birth) when activity normally 
drops to the adult level. Other experiments in which combina- 
tions of these materials were injected yielded essentially the same 
results. 


DISCUSSION 


The very abrupt increase in activity of tyrosine-a-ketoglu- 
tarate transaminase within a short and well defined time (at 
least 10-fold from the 2nd to the 12th hour after birth) has 
facilitated the study of some of the factors which could be of 
importance in its development. 

The preliminary observation that Amphenone, administered 
at birth, was effective in depressing transaminase activity for 
several hours after birth suggested that the adrenal glands do, 
indeed, play an important part in the development of this en- 
zyme, as previously hypothesized by one of us (2) and also by 
Lin and Knox (4). This was confirmed by the finding that 
adrenalectomy at birth causes a marked inhibition of this devel- 
opment, an inhibition which can be reversed by serial injections 
of hydrocortisone to the adrenalectomized newborn animal. It 
is known that the adrenals of the newborn rat are unusually 
large at birth (10). This observation could indicate a large 
output of corticosteroids in the first postnatal days (11) and 
would appear to offer a suitable explanation for the very sharp 
increase in liver tyrosine transaminase activity in the first 12 
hours after birth. 

Unfortunately it was not possible to carry out observations on 
adrenalectomized newborns for more than 12 hours, since their 
mothers refused to accept the young animals after surgery. 
Fasting the newborn animals for more than 12 hours was not 
feasible, and we cannot, therefore, reach any conclusion as to the 
permanency of the depression in tyrosine transaminase activity 
caused by adrenalectomy. Of interest in this regard is the re- 
port by Lin and Knox (4) who have observed normal levels of 
this enzyme in adult animals 2 days after adrenalectomy. How- 
ever, the biology of the developing animal is undoubtedly much 
too different to permit reasonable comparison with the adult. 

Although the results indicate that adrenal steroids are required 
for normal development of the activity of tyrosine transaminase, 
it is obvious that adrenal stimulation is not the only factor which 
changes during the first few hours after birth. This can be con- 
cluded from experiments in which injection of hydrocortisone or 
adrenocorticotropic hormone into fetal rats in utero failed to cause 
any marked elevation in activity. It is probable that many other 
changes, the nature of which is completely unknown, occur after 
birth, and that when these changes are completed, tyrosine 
transaminase activity develops, provided that an adequate sup- 
ply of adrenal steroids is present. 

The role of the substrate in development of tyrosine trans- 
aminase remains problematical. Although the activity of this 
enzyme in adult liver responds to alterations in substrate con- 
centration, administration of tyrosine to fetal animals has little 
effect on the low activity of liver transaminase. This observa- 
tion is in accord with that of Nemeth (12) who found that 
tryptophan was ineffective in altering the deficient activity of 
tryptophan peroxidase in the livers of newborn guinea pigs, al- 
though, like the tyrosine transaminase system, administration of 
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substrate to adult animals increases the activity of this enzyme 
considerably (13). A similar situation, but in reverse, has been 
reported by Roeder (14) who showed that as arginase activity of 
the chick embryo decreases with development, the level to which 
this activity can be stimulated by arginine also decreases. 
Further clarification of the mechanism of substrate or adrenal 
steroid involvement in development of liver tyrosine trans- 
aminase is not likely until more is known of the nature of the 
changes in activity that occur after birth. From the data pre- 
sented it is not possible to determine whether the sharp increase 
in activity observed represents de novo enzyme synthesis or an 
activation of a preformed, enzymatically inactive protein. Fur- 
ther investigations of this point are in progress in this laboratory. 


SUMMARY 


1. Activity of tyrosine-a-ketoglutarate transaminase in the 
livers of fetal rats is very low, averaging between 10 and 20 per 


612 Development of Liver Tyrosine Transaminase 


Vol. 234, No. 3 


cent of that found in adult livers. Beginning with the 2nd hour 
after birth, there is a rapid increase in activity, reaching a may- 
imum at 12 hours which is at least twice the usual adult level. 

2. Injection of Amphenone at birth causes a delay of about 4 
hours whereas adrenalectomy at birth delays development of 
this enzyme for at least 12 hours; it was not possible to extend 
observations beyond 12 hours. Injections of hydrocortisone are 
completely effective in reversing the effect of adrenalectomy on 
the development of this enzyme. 

3. Administration of hydrocortisone, adrenocorticotropic hor- 
mone, or tyrosine to fetal rats in utero failed to elicit an appreci- 
able increase in the low activity of liver tyrosine transaminase; 
the large increase in activity characteristic of adult animals 
given these agents is not observed until several days after birth. 
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Some of the structural features that permit an amino acid to 
be strongly concentrated by Ehrlich ascites tumor cells call at- 
tention to the possibility that a chelating metal might serve as the 
carrier or part of the carrier for amino acid transport (1). First, 
a- and B-amino acids are accumulated whereas y-amino acids 
are not. In addition, a second nitrogenous group removed by 
not more than two or three atoms from the a-amino group may 
greatly intensify concentrative uptake. Thirdly, structural 
features that increase the ease of proton displacement from the 
amino group intensify uptake. A metal cation would be ex- 
pected to displace this proton in forming a neutral chelate. 

Furthermore the inhibiting action of ethylenediaminetetra- 
acetate on amino acid transport in the Ehrlich cell (2), and of 
8-hydroxyquinoline on glutamate accumulation in Staphylococcus 
aureus (3, 4) might arise from competition by these chelators for 
a metal required in transport. In both cases adding any of 
several metals has been found to eliminate the inhibition; this 
relief of course could arise merely from the chemical fixation of 
the inhibitor. Manganese was, however, extraordinarily ef- 
fective in abolishing the inhibition in the bacterial species, 2 mM 
Mn eliminating the effect of 4 mm 8-hydroxyquinoline. Further- 
more, the omission of Mn and Mg from the bacterial growth 
medium significantly diminished the rate of glutamate accumula- 
tion, whereas the omission of Co, Cu, Zn, or Fe had no such 
effect. Restoration of Mn at 10-7 m level or Mg at 10-° o re- 
stored the accumulation of glutamate (3, 4). 

At the same time an alternative origin of the inhibition by 
EDTA! has been refuted. Since the analogous N-dimethyl- 
glycine and other tertiary amino acids are not inhibitory, inhi- 
bition by EDTA very probably does not arise simply from its 
having a tertiary amino acid structure and thereby competing 
with primary amino acids for transport (1). 

Arguments arising from the features of amino acid structure 
favorable to transport do not, however, point uniformly in the 
direction of metal-ion carriage. Dimethylation of the a-amino 
group decreases only moderately the stability of chelates but 
almost if not entirely abolishes accumulation (1). This finding 
suggests that the transport reaction may need to displace a 
second hydrogen atom from the nitrogen. Although chelation 
alone would not do this a metal might nevertheless be involved; 


* Supported in part by a grant (C-2645) from the National Can- 
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‘The abbreviation used is: EDTA, ethylenediaminetetra- 
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the metal-chelated pyridoxylidene amino acids have been cited 
to illustrate this possibility (1). 

Because of the foregoing considerations we have investigated 
possible metal participation in amino acid transport by determin- 
ing whether the influx of any specific metal rises with amino acid 
influx. Highly radioactive metal isotopes have served for this 
purpose, necessitating only minimal increases in the quantity of 
the metal ion in the system. This technique has permitted not 
only exploration of the role of chelation in amino acid transport 
but also exploration of the role of chelators in metal distribution. 
Only in the case of the uptake of basic amino acids added alone 
could an accelerated influx of metal ion be detected; this effect 
was restricted to manganous ion of four metals tested. Further- 
more, the strongly chelating penicillamine had only inhibitory 
effects on manganous ion uptake. Hence the stimulation was 
specific both as to metal and amino acid structure. Adding 
pyridoxal also stimulated Mn uptake by the cells, and in the 
presence of added pyridoxal, glycine addition likewise accelerated 
Mn uptake. 

Preliminary Premises—Four possible consequences may arise 
from the simultaneous presence of a metal ion and an amino acid 
in a solution in which cells are suspended: 

1. The extracellular presence of the amino acid will tend to 
slow metal influx to the extent that it ties the metallic ion into a 
nonpermeating form. If the metal is present in only trace 
amounts or the amino acid is a weak chelator this effect may be 
absent, because even stronger chelators may escape from the 
cells and bind the metal ion. 

2. The ready permeation of an abundant metal-amino acid 
chelate should accelerate metal transfer. This effect should be 
especially noticeable if the chelate is an obligatory intermediate 
in transfer. The fixation of a chelator on the surface of the cell 
could have the same effect if its chelating properties are pre- 
served. 

3. The mere presence of an amino acid within the cell probably 
will not accelerate metal influx, because the rate of metal entrance 
seems not to be limited by the number of binding sites available 
within the cell. When ascites tumor or yeast cells are broken, 
the rates of metal binding to sedimentable structures are enor- 
mously increased (cf. 5), whereas metal-binding is comparatively 
slow with intact ascites tumor cells and very limited with yeast 
cells. The internal presence of a new strong chelator could, 


however, slow metal efflux and in this way increase the metal 
binding capacity of the cell. 

4. Nevertheless, cells that have accumulated an amino acid 
to a high steady-state are undoubtedly subject to a continuous 
These are 


leakage and reconcentration of this amino acid (6). 
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Fig. 1. The transfer of Mn at tracer levels into Ehrlich ascites 
tumor cells. The open circles represent residual Mn* in counts 
per minute per ml. in extracellular fluid; closed circles, distribution 
ratio; triangles, cell levels of Mn*4 in counts per minute per mg. of 
fresh weight. 


TABLE I 
Effect of various amino acids on the uptake of Mn*4 
by ascites cells during 1 hour 
Amino acids 10 mm and Mn at tracer levels except where in- 
dicated. 


Cell Mn, c.p.m./mg. Distribution ratio 
Amino acid 
No Plus amino No Plus amino 
addition acid addition acid 
237 230 64 64 
162 180 53 89 
162 189 53 113 
L-2,4-diaminobutyrate...| 227 261 38 161 
78 102 3.4 5.0 
34.5 40.0 6.8 10.6 
1 mM amino acid...... 174 182 16.8 18.5 
0.1 mM amino acid....| 290 288 57 56 


also the conditions under which extracellular metal-binding by 
the amino acid should mask minimally any acceleration of metal 
uptake produced by amino acid transport. 


EXPERIMENTAL 


The test amino acid was dissolved in 1 volume of MnCl, 
solution containing 60,000 to 70,000 ¢.p.m. per ml. and this 
solution was mixed with an equal volume of double-strength 
Krebs-Ringer bicarbonate buffer. After gassing with a CO.-O. 
mixture (5 per cent CO.) at 37°, | volume of an Erhlich ascites 
tumor cell suspension (obtained as usual (7), 0.3 to 0.4 gm. of 
cell per ml.) in Krebs-Ringer bicarbonate medium was added at 
zero time. A second aliquot of the cell suspension was added 
to a parallel solution identical with the previous one except for 
the absence of the amino acid. The amino acid level calculated 
for the final suspension was usually 10 mm. Samples were taken 
at specific intervals from the agitated flasks for centrifugation 
and analysis of the cellular and extracellular components. Zn® 
and Fe? were obtained as chlorides from the Oak Ridge National 
Laboratory. Cu® was obtained from the same source as metallic 
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Cu which was converted to chloride form. Carrier-free Mn# 
was obtained as the chloride from Nuclear Science and Engineer- 
ing Corporation, Pittsburgh. 

The isotope concentrations in the samples were counted in 
glass tubes in a well type scintillation counter at not less than 10 
times the background rate. 

To remove readily eluted metal ions from the cells in some of 
the experiments, an aliquot portion was added to about 15 vol- 
umes of ice-cold Krebs-Ringer medium and immediately cen- 
trifuged. In short term experiments one aliquot portion, des- 
ignated the zero-time aliquot, was chilled in ice and centrifuged 
immediately upon mixing, and subsequent samples taken out 
at 2, 5, 15, 30, and 60 minutes. Occasionally the amino acid was 
added in advance of the labeled metal ion. GSH was estimated 
colorimetrically with nitroprusside according to Grunert and 
Phillips (8). Penicillamine was determined by a colorimetric 
procedure devised for this investigation (9). 


RESULTS 


Effect of Amino Acid Alone—Fig. 1 shows the time-course for 
the transfer of (Mn*)!! at tracer levels to the Ehrlich ascites 
tumor cell. The actual level of Mn obtained in the medium at 
tracer levels is estimated at roughly 5 x 10-" Mo, plus any re- 
leased from the cells. By comparison with other tissues, the 
endogenous Mn contributed by the cells must be an overwhelm- 
ing part of the total. The uptake was very rapid during the 
first 15 minutes, but continued indefinitely except as slowed by 
the depletion of the extracellular Mn. ‘Table I shows that the 
addition of extracellular glycine or serine had little if any effect 
on the uptake of traces of simultaneously added Mn, but that 
the addition of each of the several basic amino acids, especially 
2,4-diaminobutyrate, increased the extent of Mn accumulation 
in 1 hour. Two comparisons have been made in all cases; first 


the cell uptakes are compared on the left; then the distribution 


ratios are compared ((¢.p.m. per kg. of cell) /(¢.p.m. per liter of 
suspending solution)) on the right. The latter value permits us 
to take into account depletion of Mn in the medium; for example 
in the present instance the distribution ratios show that Mn was 
accumulated 4 times as strongly when diaminobutyrate was 
present. It should be noted that the latter form of expression 
magnifies experimental variation; therefore small differences in 
distribution ratio may not be significant. 

The above effect of diaminobutyrate on Mn uptake was still 
obtained when the Mn level was increased to 0.5 mm in the 
suspending fluid. The effect also persisted at 1 mm diamino- 
butyrate, but at 0.1 mm the amino acid was no longer a signifi- 
cant factor in the distribution of traces of Mn. 

Table II shows that in contrast to Mn the uptake of Cu, 
Fe!!!, and Zn! were only inhibited by the presence of diamino- 
butyrate. This result is in accord with premise 1 above. 

Initial Uptake—Our original proposal was to investigate ac- 
celeration of metal influx during amino acid concentration. 
Most of the preceding experiments used 1-hour incubations; 
during this interval efflux of previously accumulated radioactive 
metal ions might become substantial. Experiments in which 
cells that had taken up transition-group metal ions were placed 
in a fresh unlabeled medium showed that such efflux (after re 
moval of the instantly eluted metal) was slow relative to the 
observed net uptake, so that extremely brief experiments were 
not necessary for recognizing accelerated influx. Nevertheless, 
comparisons of labeling were made at intervals as short as 2 and 
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TaBLeE II 


Effect of 10 mm diaminobutyrate on uptake of radioactive Zn!', 


Cull, and Fe!!! by ascites cells during 1 hour 


P.R. Pal and H. N. Christensen 


Cell uptake, c.p.m./mg. Distribution ratio 
Cc ion, 
mmoles/L. Plus amino No Plus amino 
No addition acid addition acid 
Cu 0.0017 63.8 27.6 3.2 1.2 
Cu 0.13 83.4 11.7 6.9 0.6 
Fe Trace 41.7 36.9 4.1 3.8 
Zn 0.0001 273 263 22.7 18.6 
Zn 0.05 126 71.7 9.8 3.8 
Zn 0.5 225 85.2 29.8 3.8 
300 -—BLANK 
= = 50 
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a a 
> = 40+ 
> 
BLANK, 
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Fic. 2. Release of Mn* from ascites cell incubated with 2,4- 
diaminobutyrie acid. The open circles represent the levels of 
Mn* against time, in the extracellular fluid (left) and cells (right) 
when the cells preincubated with 2,4-diaminobutyric acid and 
Mn* were diluted with ice-cold Krebs Ringer bicarbonate buffer. 
The closed circles represent the corresponding values for the 
blank experiment. The ‘‘zero’’ time values were obtained by 
centrifuging immediately upon dumping the cell suspension into 
the cold diluent. 


5 minutes after addition of the metal. Under these conditions, 
Mn uptake lagged in the presence of diaminobutyrate during the 
first 10 minutes, but after 10 minutes was higher when diamino- 
butyrate was present. The experiments were then repeated us- 
ing cell suspensions that had accumulated diaminobutyrate to 
an approximate steady-state distribution. In this way a pos- 
sible masking influence of the presence of an initially high extra- 
cellular amino acid concentration was avoided. Under these 
conditions the accelerating action of diaminobutyrate on Mn up- 
take appeared immediately (Fig. 3). 

Effects of Pyridoxal Alone—Adding 2 mM pyridoxal together 
with a trace of Mn*™ led to retarded Mn uptake for 5 minutes, 
followed by greater uptake at 15 and 30 minutes (Tables IIT and 
IV). The increased uptake of Mn in the presence of pyridoxal 
was also observed when the Mn level was increased to 5 x 10~° 
M, but when the concentration of Mn was increased beyond this 
level the uptake was inhibited (Table IV), in contrast to the ef- 
fect of diaminobutyrate (Table I). 

Cells that had been incubated 45 minutes in 2 mm pyridoxal 
(which leads to uptake of a major fraction of the aldehyde), 
Whether tested in the original medium (Table V) or upon resus- 
pension in pyridoxal-free medium (Table VI), were subnormal in 
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Fic. 3. Transfer of Mn* into ascites cell preloaded with 2,4- 
diaminobutyric acid. The squares represent the distribution 
ratios; the triangles, the cell uptake of Mn*‘ in counts per minute 
per mg. of cell; and the czrcles represent the extracellular fluid 
levels of Mn* in counts per minute per ml. The open squares, 
triangles, or circles denote the values from the experiment with 
control cells and the corresponding closed symbols represent the 
values with cells preloaded with diaminobutyric acid. 


TaBLeE III 


Uptake of Mn*4 in presence of pyridozal (2 mm). 
Representative experiment at tracer levels of Mn 


Cells, c.p.m./mg. Distribution ratio 
Time 
No addition Plus pyridoxal No addition Plus pyridoxal 
min. 
0 57 54 2.5 2.3 
5 Ba 229 18.4 16.5 
15 380 402 81.5 108 
30 406 456 101 179 
TABLE IV 


Uptake of metals by ascites cells in presence of pyridozal 
(2 mm) or pyridoxal and glycine (10 mm) 


Incubation time, 45 minutes. (The Mn levels used here were 


too high to permit glycine to stimulate when added to a pyridoxal- 
containing medium, and also, in the first 2 experiments, for pyri- 
doxal to be stimulating.) 


Cells, c.p.m./mg. Distribution ratio 
Cc 
Metal tration No Plus Plus No Plus Plus 
addition | QT | | aadition| |, 
mM 
Mn | 0.5 189 135 117 12.9 8.0 7.0 
Mn 0.1 82.6 71.7 49.6 3.6 2.9 1.9 
Mn | 0.005 | 235 284 266 27.4 43.8 41.7 
Zu Trace | 186 182 140 14.9 12.6 8.8 
Fe Trace | 154 153 20.2 19.0 16.6 1.2 
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TABLE V 


Effect on uptake of Mn*4 by ascites tumor cells of adding pyridoxal 
or pyridozal and glycine, 45 minutes before the metal 


Two different illustrative experiments. 
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TaB_LeE VIII 


Effect of t-cysteine and p- and L-penicillamine on 
uptake of Mn*4 by ascites cells during 1 hour 


Amino acids at 10 mm levels and Mn at tracer levels. 


Cells, c.p.m./mg. Distribution ratio 
Additi Tim 
No — Prior No — Prior 
addition addition addition) addition eddition addition 
min 

Pyridoxal 10 48.9 66.4 34.5 11.1 24.2 6.0 
25 71.3 77.8 57.4 25.1 35.6 14.4 
45 78.2 83.0 71.1 35.4 41.3 23.6 

Pyridoxal 10 88.2 84.2 75.6 | 189 Sl 9] 

and 25 89.6 91.3 83.1 | 240 266 234 

glycine 45 | 90.4 | 94.9 | 87.2 | 272 298 265 

TABLE VI 


Uptake of Mn** by ascites cell preloaded 
with pyridozal and glycine 
Cells were incubated for 45 minutes with pyridoxal (2 mm) or 
pyridoxal and glycine (10 mm). Then they were centrifuged 
and resuspended in small volume of Krebs-Ringer bicarbonate 
buffer and added to another portion of buffer containing Mn*4. 


Cells, c.p.m./mg. Distribution ratio 
Time 
No Plus’ |Plus pyridoxal No Plus Plus pyridoxal 
addition pyridoxal) and glycine addition | pyridoxal | and glycine 

min. 

0 113 116 127 10.7 10.8 12.4 

2 165 145 153 17.1 14.5 16.2 

5 273 275 271 40.6 39.5 44.1 

15 445 396 346 195 133 122 
TaBLeE VII 


Uptake of Mn*4 in presence of pyridozal (2 mm) and 
amino acids (10 mm) by ascites cells 


Carrier-free Mn**; time of incubation 30 to 45 minutes. Five 
separate experiments. 
Cells, c.p.m./mg. Distribution ratio 
Amino acid 
Plus pyri- : Plus pyri- 
N Pl N Pl 
406 456 101 180 
Diaminobu- 
tyrate...... 318 418 65.7 372 
Diaminobu- 
tyrate...... 341 414 521 39.6 73.9 | 606 
L-Lysine......| 343 407 470 41.9 43.0 117 
Glycine......| 312 332 339 37.2 | 43.7 67.6 


their ability to fix Mn‘. This behavior contrasts with that of 
cells preloaded with diaminobutyrate; the latter agent continues 
to accelerate metal uptake after it has been accumulated. 

Effect of Pyridoxal and Amino Acid Together —The greatest in- 
crease in Mn!! uptake was observed when pyridoxal (2 mm) and 
amino acids (10 mm) were added together (Tables III and VII). 
All of the three amino acids tested, glycine, lysine, and diamino- 


Cell Mn c.p.m./mg. Distribution ratio 
Amino acids 
No addition) No addition 
L-Cysteine......... bo 306 282 59.5 32.8 
L-Penicillamine....,. 277 96.2 49.0 4.9 
p-Penicillamine...... 287 29.2 52.5 1.3 
butyrate, were active in this respect. These effects also appeared 


after a 5-minute lag, and for glycine were lost at Mn levels as 
high as 5 & 10-§m (Table 1V). Inhibition was obtained instead 
if the pyridoxal and glycine were added 45 minutes in advance 
of the Mn (Table V). The stimulation by pyridoxal or by pyri- 
doxal and glycine together was again specific to Mn", the uptake 
of Zn!! and Fe!!! being only inhibited (Table IV). 

Sulfhydryl Amino Acids—The stimulation of Mn uptake by 
diaminobutyrate did not arise simply from its being a better 
chelator than glycine or serine, because cysteine and penicilla- 
mine retard the uptake of Mn (Table VIII), in contrast on the 
one hand to the absence of stimulation by glycine, and on the 
other, the stimulating action of diaminobutyrate. Both p- and 
L-isomers of penicillamine were effective, although p-penicilla- 
mine caused the larger effect. In both cases 95 per cent of the 
amino acid was present in the sulfhydryl form after 1 hour of 
incubation. After 1 hour, the L-penicillamine was found present 
in the cells (calculated for the cellular water) at 1.4 times the 
concentration in the extracellular fluid. After 1 hour, the 
p-penicillamine was present in the cell at essentially the same 
concentration (again calculated for the cellular water) as in the 
extracellular fluid. Its smaller entrance may explain its stronger 
influence on Mn distribution. Such differences probably also 
explain the greater effectiveness of the p-isomer in combatting 
Hg toxicity (10). Clearly, even though a substantial amount of 
L-penicillamine was taken up by the cells, its overwhelming in- 
fluence was to bind Mn on the outside. 

Another structure, GSH, in which the sulfhydryl group does 
not adjoin a free amino group, had a curious influence. At 
tracer levels of Mn, GSH increased Mn uptake even at 0.05 
mm GSH, but this effect was lost when the Mn level was raised 
to 0.05 mm (Table IX). Hence, in contrast to diaminobutyrate, 
GSH created only a small extra capacity for Mn. Furthermore, 
the GSH taken up by the cells was, in contrast to ordinary 
amino acids, almost instantly released upon diluting the cell 


TABLE IX 


Effect of GSH on uptake of Mn* by ascites cells during 1 hour 
Mn at tracer levels except as indicated. 


Cells, c.p.m./mg. Distribution ratio 
Concentration of GSH 
No addition) Plus GSH | No addition Plus GSH 
mmoles/l. 

10 171 239 22.9 87.1 
0.5 342 391 52.6 80.6 

0.05 303 319 233 263 
10 with 0.05 mm Mn 55 56 2.8 2.8 
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suspension with large volumes of ice-cold Krebs-Ringer bicar- 
bonate buffer (e.g. from 3.3 mmoles per kg. for unwashed cells 
to 0.4 mmoles per kg. after this treatment). Hence a major 
portion of the extra GSH had been taken up at readily elutable 
sites. 

Applying the same test to Mn uptake in presence of diamino- 
butyrate showed that a major part of the extra Mn taken up in 
the presence of this amino acid was not eluted readily in this 
way (Fig. 2), and hence is considered to be situated at a greater 
depth. Concomitant water transfers have supported the free 
state of most of the diaminobutyrate accumulated by these cells 


(11). 
DISCUSSION 


An attempt to draw final conclusions reveals the limited force 
of a finding of association between the flux of two substances in 
establishing that one is serving in the transport of the other. We 
may conclude that Mn!! enters these cells more rapidly and 
more extensively when lysine or diaminobutyrate is being taken 
up, and that this effect is somewhat specific both as to the metal 
and the amino acid structure concerned. This result seems to 
indicate that an abundant complex formed by this particular 
metal with either of these amino acids does enter the cell, thereby 
facilitating the uptake of the metal; the result is compatible with 
an obligatory role of the metal in the active transport of the 


amino acids into the cell, but by no means establishes such a 


role. 

Similarly, the stimulation of Mn!! uptake by pyridoxal alone 
could be explained by migration as a chelate with pyridoxal or 
pyridoxylidene derivatives of the endogenous amino acids; on 
the other hand the effect possibly could be explained by a fixation 
of the metal encountering preaccumulated pyridoxal at an un- 
known depth. This alternative possibility, however, was con- 
tradicted by the reverse effect of pyridoxal, or of pyridoxal plus 
glycine, already taken up by the cells. The results point instead 
toa comigration. 

Conversely, the absence of stimulation of metal transfer when 
achelator is added does not exclude some migration as a chelate, 
if we suppose that the migrating chelate must be formed within 
the membrane, or if we assume that only one of the possible 
chelates, not an abundant one, can pass through. In almost 
every case much larger quantities of chelator than of metallic ion 


were used. 
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The additional increase in the uptake of Mn when pyridoxal 
and glycine are present together suggests a superior uptake- 
stimulating function by a chemical combination of the two, per- 
haps one of the Schiff bases which these two form spontaneously 
when they are brought together. Only when extra pyridoxal 
was added did glycine emerge as a stimulator of Mn uptake. 
This finding likewise may suggest the migration of a 3-membered 
complex of these substances as previously suggested, perhaps 
with endogenous amino acids serving in place of exogenous amino 
acids when the latter are not added. 

Immediate stimulation of Mn uptake could be shown for pre- 
accumulated diaminobutyrate but not for pyridoxal, or pyridoxal 
plus glycine. Presumably as shown earlier for glycine (6), di- 
aminobutyrate-loaded cells leak and reconcentrate the amino 
acid continuously, yielding a low steady-state extracellular level 
and furnishing a most favorable opportunity for demonstrating 
immediate stimulation of uptake. Presumably the cells did not 
release and reconcentrate the effective chelator when pyridoxal 
or pyridoxal plus glycine were used. 


SUMMARY 


1. Ehrlich ascites tumor cells gradually take up labeled transi- 
tion group metals from their environment. This uptake of 
Mn!!, but not that of Zn!!, Fe!!!, or Cu!!, was greater in the 
presence of lysine or diaminobutyrate, and was faster from the 
beginning if the cells had been preloaded with diaminobutyrate. 

2. A strong chelator, penicillamine, only depressed the uptake 
of these metals. p-Penicillamine entered the cells to a smaller 
extent than L, and was more effective in depressing Mn uptake. 
Reduced glutathione stimulated Mn uptake but only at low Mn 
levels. Glutathione taken up by the cells was almost instantly 
elutable. Part of the Mn taken up by cells was also quickly 
elutable, but the extra Mn uptake occurring in the presence of 
2,4-diaminobutyric acid was mainly not of this character. 

3. Pyridoxal, 2 mM, stimulated uptake of Mn (but not of Zn™! 
or Fe!!!) at a level of 5 X 10°-°m or lower. Stimulation was not 
observed for the first 15 minutes, and inhibition instead resulted 
when pyridoxal was added 45 minutes in advance of the metal. 

4. Addition of either glycine, lysine, or diaminobutyrate, along 
with pyridoxal, led to further stimulation of Mn uptake. 

5. The results are in accord with the possible participation of 
either pyridoxal or manganese or both in amino acid transport. 
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Colorimetric Estimation of Penicillamine 


PRABHAT R. PAL 


From the Department of Biological Chemistry, The University of Michigan, Ann Arbor, Michigan 


(Received for publication, October 15, 1958) 


In connection with studies of the influence of chelating amino 
acids on metal uptake by cells, an analytical method was needed 
for penicillamine in biological materials. Walshe (1) estimated 
penicillamine in human urine after oxidizing it to penicillaminic 
acid, but this procedure does not supply the discrimination from 
the S—S form of penicillamine which was required. A colori- 
metric method specific to the SH form of penicillamine has been 
developed which depends upon a blue color formed by penicilla- 
mine with FeCl;. The formation of blue color with FeCl; was 
first observed by Bauman (2) in case of cysteine. This color is 
very unstable but it can be stabilized by adding KCN to the 
solution. Glutathione does not produce any color under the 
specified conditions and cysteine gives a very faint color. 


EXPERIMENTAL 


Varying amounts of a 1 mm solution of penicillamine hydro- 
chloride (California Corporation for Biochemical Research) 
supplying 0.1 to 0.8 wmoles are measured into 15-ml. graduated 
conical centrifuge tubes and the volume made up to 2 ml. with 
water. To each of the tubes, 0.5 ml. each of 0.2 m KCN solu- 
tion and 15 mm FeCl; solution are added in turn with mixing. 
All solutions are freshly prepared. The tubes are then heated in 
a water bath at 65° for 5 minutes after which they are cooled and 
the volume made to 5 ml. with water. The contents of the tubes 
are centrifuged and the blue supernatant solutions compared in 
a photometer (Spectronic-20) at 645 my against a reagent blank, 
to produce a linear calibration curve as shown in Fig. 1. The 
method was shown applicable to the analysis of penicillamine in 
Ehrlich ascites tumor cells and other tissues. 


OPTICAL DENSITY, 645 Mu 
T 


T 


0.1 0.2 0.38 0.4 O.5 0.6 O.7 0.8 


D-PENICILLAMINE, MOLES PER SML. 
Fic. 1. Standard curve obtained for p-penicillamine. 


RESULTS AND DISCUSSION 


The blue color produced by penicillamine with FeCl; and KCN 
showed an absorption maximum at 645 my as measured with a 
Beckman model DU spectrophotometer (Fig. 2). The effects of 
varying the amounts of FeCl3, KCN, and the time of heating on 
color production are shown in Fig. 3. 

Effects of different tissue extracts (1 gm. of tissue per 6 ml. of 
water) on the formation of color were investigated. These extracts 
were deproteinized by holding them at 100° for 10 minutes at 
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OPTICAL DENSITY 
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— 550 600 650 700 
WAVELENGTH, My 

Fig. 2. Absorption spectrum of the color produced by p-peni- 
cillamine with FeCl; and KCN. Concentration of p-penicillamine 
was 0.4 wmoles per 5 ml. 
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Fia. 3. Effect of various factors on color development. The 
upper curves are for 1 umole of p-penicillamine per 5 ml., the lower 
curve for 0.8 umole. Other variables in each case were as specified 
in the method. 7 
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pH 5 to 6. The recoveries of 0.2, 0.4, 0.6, and 1 umole of 
p-penicillamine added to the extracts were 96.6 to 98.1 per cent 
(ascites tumor cells), 97.5 to 100 per cent (rat muscle), 98.3 to 
102.8 per cent (rat liver), and uniformly 100 per cent (human 
serum). Of the penicillamine incubated at a 10 mm level with 
an ascites tumor cell suspension, 97 per cent was recovered in 
either the cells or the suspending medium. In these experiments, 
the unfortified tissue extract served as the blank. 1-Penicilla- 
mine of course gave the same color intensity. Krebs-Ringer 
bicarbonate buffer and 0.25 m sucrose solution did not affect the 
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color formation. The oxidized form of penicillamine gave no 
color, nor did reduced glutathione at a 2 mm level. 1(+)-Cys- 
teine gave 5 to 7 per cent of the optical density produced by 
penicillamine. 


SUMMARY 


A photometric procedure for the estimation of penicillamine 
in tissue extracts depends upon a blue color formed in the pres- 
ence of FeCl; and KCN. The oxidized form of the amino acid 
does not react, although cysteine gives a weak reaction. 


2. BAUMAN, E., Z. physiol. Chem., 8, 299 (1884). 
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Purine N-Oxides 


VI. THE METABOLISM OF ADENINE 1-N-OXIDE* 


Doris Dunn, M. HELEN MAGUIRE,T AND GEORGE BosworRTH BROWN 


From the Laboratories of the Sloan-Kettering Division of Cornell University Medical College, New York, New York 


(Received for publication, August 15, 1958) 


Initial investigations (1) of adenine 1-N-oxide (2, 3) in several 
biological systems indicate that it or its derivatives can some- 
times exhibit antimetabolite-like activities, and that, in certain 
microorganisms, it can also substitute for adenine. In rats or 
mice the toxicity of high dose levels is similar to that of adenine 
(4) and involves an extensive deposition of 2,8-dihydroxyade- 
nine in the kidney tubules (1), which suggests that the N-oxide 
function can be removed in the mammal. The conversion, in 
the rat, of adenine 1-N-oxide to common purine derivatives and 
to its catabolic products, has now been investigated with C'- 


labeled material. 


EXPERIMENATAL 


Adenine 1-N-oxide-8S-C'%—This was synthesized by Dr. Mar- 
cus A. Stevens by the oxidation (2) of adenine-8-C™ (Isotopes 
Specialties Company). It had a specific activity of 1 x« 105 
c.p.m. per umole and contained a trace of adenine, which 
amounted to not over 0.35 per cent. 

Radioactivity Measurements—Radioactivity determinations 
made in duplicate or triplicate on infinitely thin samples on alu- 
minum planchets, 10 cm.*, with an automatic internal flow 
counter (helium-isobutane gas), are usually expressed in terms 
of RSA.! Paper chromatograms were scanned for radioactivity 
with an automatic recording windowless paper scanning device 
(Radiological Service Company). 

Optical Density Determinations—Ultraviolet absorption spec- 
tra were obtained on a Beckman model DK-2 automatic re- 
cording spectrophotometer, and precise absorption data on a 
Beckman model DU spectrophotometer. 

Paper Chromatography—Chromatograms were carried out by 
the ascending method, with Schleicher and Schuell No. 597 pa- 
per, Whatman No. 1 paper, or Whatman 3 MM paper for the 
preparative separations. Several solvents were utilized (Table 
I), most of which could satisfactorily distinguish only one or two 
of the four compounds of primary interest. 

Treatment of Animals—In the first experiment three male 
Sherman strain rats weighing approximately 250 gm. each, were 


* This investigation was supported in part by funds from the 
American Cancer Society, the National Institutes of Health, 
United States Public Health Service (Grant No. CY-3190), and 
from the Atomic Energy Commission (Contract #* AT (30-1) -910). 

+ Travel grants from the New South Wales State Cancer Council 
and the Trustees of the Science and Industry Endowment Fund of 
the Commonwealth of Australia, are gratefully acknowledged. 


c.p.m. per mole of isolated compound 
¢.p.m. per mole of administered compound 


IRSA = 


given, by intraperitoneal injection at 24-hour intervals for 3 
days, 0.2 mmole per kg. of body weight per day of the adenine 
1-N-oxide-8-C"; thus a total of 4.6 10? c.p.m. were adminis- 
tered. The animals were fed ad libitum during the injection 
period. Urine was collected as quantitatively as possible and 
stored under toluene at 0°. The rats were killed by decapita- 
tion 24 hours after the third injection and their livers, kidneys, 
spleens, testes, and small intestines were rapidly excised and im- 
mediately frozen on dry ice. 

A second experiment was performed in which a larger dose 
was administered to facilitate identification of the metabolites 
in the urine. For this 18.5 mg. of adenine 1-N-oxide-8-C"™ and 
320 mg. of nonisotopic adenine 1-N-oxide were homogenized ina 
final volume of 28 ml. of 0.06 per cent sodium chloride containing 
1 per cent carboxymethylcellulose. A sample isolated from this 
mixture showed an activity of 6,280 ¢.p.m. per umole. Four 
rats weighing approximately 250 gm. each, received 2-ml. intra- 
peritoneal injections daily for 3 days, that is, a level of 0.64 
mmole per kg. per day. The animals were killed 20 hours after 
the last injection, the kidneys were excised immediately, sections 
were fixed in Zenker’s solution for histological examination, and 
the remainder were preserved in ethanol. The pooled urine and 
funnel washings were concentrated in a vacuum to 180 ml. and 
stored at 0° under toluene. 

Extraction of Soluble Nucleotides—The acid-soluble fraction 
was prepared by the general method of Hurlbert et al. (8). The 
combined frozen tissues were cut into pieces, homogenized in a 
Waring Blendor with 2 volumes of 0.3 mM HC10Os,, and centrifuged. 
The precipitate was then rehomogenized in 2 volumes of 0.2 M 
HClO, and centrifuged. With continued cooling, the combined 
supernatant fluids were neutralized to phenol red with 5 N KOH, 
the neutralized extract was cooled to incipient freezing, filtered 
through Celite on a large Buchner funnel, and stored frozen. 

Isolation of Nucleic Acid Bases—The acid extracted tissue was 
immediately defatted by repeated extractions with graded con- 
centrations of ethanol and ether. Sodium bicarbonate was 


added from time to time to neutralize any acid present. The . 


nucleic acids were isolated (9) and the purines and pyrimidines 
of the ribonucleotide fraction were liberated by hydrolysis with 
12 ~n HCIO; and separated on a Dowex 1-(OH-) column (9). 
Fractions containing each base were combined, concentrated, 
and chromatographed on paper (7). Areas exhibiting absorp- 
tion were then eluted with 0.1 N HCl and, after optical density 
determinations had been made, duplicate aliquots were plated 
and their radioactivity determined. 

Separation and Analysis of Soluble Nucleotides—An aliquot o! 
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the acid-soluble fraction was lyophilized, hydrolyzed with 12 n 
HCI1O;, and the constituent bases were separated and analyzed 
as described for nucleic acids. 

A separate fraction of the acid-soluble extract containing 2500 
optical density units (optical density x ml.) at 260 my was 
loaded onto a Dowex 1-formate column, 1 x 20 cm. (9). 
tion was begun with 1 N formic acid in the reservoir and a 1-l. 
mixer. A total of 625 fractions of 6 ml. each was collected with 
an automatic fraction collector and a recording ultraviolet ab- 
sorption unit (Gilson Medical Electronics). At fraction 75 the 
reservoir was changed to 4 N formic acid for elution of the next 
250 fractions. Formic acid, 9 N, containing 1 N ammonium 
formate was used for the last 100 fractions. 

Fractions comprising the bulk of each peak were pooled, lyo- 
philized, and appropriately diluted for determination of optical 
density and radioactivity. Fractions with appreciable radio- 
activity were then hydrolyzed and chromatographed on paper 
(7) to permit quantitative determination of the radioactivity of 
the base of the principal components. 

Analysis of Urine—A small volume of urine was suitably di- 
luted for measurement of its C' content. Urea was isolated from 
a small aliquot of urine as the dixanthydrol derivative (10), and 
after three recrystallizations from acetic acid its radioactivity 
was determined. Another sample of urine was treated with 
urease, the liberated CO» was collected as the barium salt, and 
its radioactivity determined, and corrected to infinite thinness. 
Total urinary urea was determined on an aliquot of urine as urea 
nitrogen. Allantoin was isolated from the urine after addition 
of 50 mg. of carrier allantoin-N!* to 50 and 75-ml. portions of the 
320 ml. of diluted urine. The total quantity of allantoin was 
calculated from determination of the dilution of the added N15, 
(from 0.460 to, respectively, 0.259 and 0.216 atoms per cent ex- 
cess). The RSA (Table IV) was calculated on a carrier-free 
basis. 

A two-dimensional paper chromatogram of a urine sample was 
run in Solvents B and F and then subjected to radioautography 
for up to 8 weeks. Samples of urine were also chromatographed 
on paper in several different solvent systems. The chromato- 
grams were then scanned for radioactivity and the active areas 
eluted, concentrated, and suitably diluted for optical density 
and precise radioactivity determinations. The amount of radio- 
activitv in several possible components was determined and the 
more highly radioactive materials were identified on the basis of 
their absorption spectra and their chromatographic behavior in 
the various solvents. 

Separation of 8-Hydroxyadenine 1-N-oxide and 8-Hydroxyade- 
nine from Urine—A column of Dowex 50(H*+ form), 20 to 50 mesh, 
20 X 2.5 cm., was prepared. A 25-ml. sample of the urine con- 
centrate from the second experiment was centrifuged, and no 
significant radioactivity was found in the sediment. The di- 
luted urine was loaded on to the column, which was then washed 
with 400 ml. of water. The bases were eluted with 2 Nn HCl; 
15-ml. fractions were collected and the spectrum of every second 
fraction was determined. 

Fractions 19 to 28, 29 to 38, and 39 to 50 were combined to 
give solutions I, II, and III, respectively. Each solution was 
lyophilized and the residues were each dissolved in 0.5 ml. of 
0.1 N HCl. Spectra and chromatography, in solvent B, showed 
that concentrate I contained mainly the oxide and a little 8-hy- 
droxyadenine, concentrate II contained both bases, and concen- 
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TABLE I 


Rp values of possible metabolites to be found in urine 


The solvent systems contained the following: A = 1 per cent 
(N H,)2SO,-isopropanol, 1:2 by volume, paper pretreated with 1 per 
cent (NH,)2SO, (5); B = 5 per cent NaszHPO,-isoamy! alcohol, 
3:2 by volume (6); C = butanol-acetic acid-water, 4:1:1 by vol- 
ume; D = butanol-acetic acid-water, 4:1:5 by volume; E = iso- 
propanol-HCL-water, 68:16.5:15.5 by volume (7); F = butanol- 
ethanol-water, 4:1:1 by volume; G = water, pH 10, with NH,OH. 


Solvent systems 
Compound 
A B Cc D E F G 
Adenine..........| 0.61 | 0.40 | 0.50 0.30 0.41 | 0.36 
Adenine 1-N- 
OMNES. ei eek. 0.48 | 0.48 | 0.42 0.26 | 0.19 | 0.60 
8-Hydroxyade- 
0.60*, 0.38 | 0.39 | 0.50T 0.41 | 0.35 | 0.3f 
8-Hydroxyade- 
nine 1-N-oxide.| 0.45 | 0.52 | 0.37 | 0.35 | 0.38 | 0.20 | 0.70 
2,8-Dihydroxy- 
adenine........ 0.08 0.39} 
Uric acid........ 0.36 0.17 0.06 
Allantoin........ 0.77 | 0.18 0.13 
0.76 | 0.48 31 


* When applied in water. The Rp was 0.51 when applied in 0.1 
N HCl. 

t When applied in water. 
0.1 N HCl. 


t Trails to origin in most cases. 


The Re was 0.37 when applied in 


trate III contained mainly 8-hydroxvadenine and a trace of its 
oxide. | 
Solution I was applied as a band to paper and developed in 
solvent B. The band of Ry corresponding to 8-hydroxyadenine 
1-N-oxide was eluted with 5 ml. of water, the-cTuate was concen- 
trated to 0.5 ml., and rechromatographed in the same solvent. 
A band of Rr 0.5 was obtained, and this was eluted with 5 ml. 
of water. Authentic 8-hydroxyadenine 1-N-oxide (11) was sim- 
ilarly chromatographed. Complete spectra, determined on these 
solutions at three pH values, indicated the identity of the exper- 
imental with the authentic. From the optical density at 237.5 
my, at pH 7.5, of 8-hydroxyadenine 1-N-oxide of 0.71, and the 
e for 8-hydroxyadenine 1-N-oxide at pH 7.1 of 48.4 x 10° (11), 
the concentration was 2.5 ug. per ml. The radioactivity was 87 
c.p.m. per ml.; the RSA was 92.0. 

Concentrate III gave chromatographically pure 8-hydroxy- 
adenine by repeated development in solvent B and elution with 
water. Authentic 8-hydroxyadenine was also chromatographed 
in the same system, and the spectra of the two were compared 
at several pH’s. From the optical density at pH 7.7, at 270 
my of 0.231, and the ¢ of 12.1 « 10* at pH 7.8, the concentration 
was found to be 2.9 ug. per ml. The RSA was found to be 55, 
but there was self-absorption because of the presence of salts. 
Concentrate II was similarly repeatedly chromatographed as a 
band in solvent B. The band of R» 0.38 so obtained was eluted 
with water, the eluate was concentrated and rechromatographed 
as a strip in solvent D to free it of salt contamination. The 
band so obtained was eluted with water and rechromatographed 
in the same solvent to give a band of Rr 0.53. This was eluted 
and from the pH of 3.7, the optical density at 270 my of 1.23, 
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and the ¢ at pH 3.78 and 270 my of 11.7 x 10* the concentration 
of 8-hydroxyadenine was 15.9 wg. per ml. The radioactivity 
was determined to be 619 ¢.p.m. per ml.; the RSA was 94.0. 
2,8-Dihydroxyadenine in Kidneys—A portion of dry defatted 
kidney powder was examined as previously described (1, 12) 
and it was calculated that 7 mg. of 2,8-dihydroxyadenine were 
present. With allowance for the weight of sections fixed, a total 
of about 8 mg. was present. Histological examination of the 
fixed sections showed the presence of crystals in the tubules. 


RESULTS 


Nucleic Acids—The adenine and guanine isolated from the 
RNA fraction were both radioactive (Table II), and the pyrimi- 


TABLE II 


Radioactivities of rat tissue purines after administration of adenine 
1-N-oride-8-C™ ((Exzperiment No. 1)* 


Bases from soluble nucleotide fraction 
Purine 

nao. | RSA 

% % c.p.m./pmole 
60.0 53.0 1560 1.56 
Hypoxanthine....... 4.5 7.5 1690 1.60 
3.9 1.5 472 0.47 

Bases from RNA fraction 


* At 0.2 mmole per kg. of body weight per day for 3 days. 


TaBLeE III 


Radioactivity of bases isolated from fractions obtained by 
chromatographic separation of soluble nucleotides 


Fraction — base was 0. D. radio. RSA 
% % c.p.m./pmole 
Column water wash.....} 15.2 9.0 
1.7 11.8 9950* 9.9 
17.4 18.2 1600 1.60 
2.8 1.0 560 0.56 
8.1 8.0 1350 1.35 
1.2 0.5 640 0.64 


* Base isolated was adenine. 


TaBLeE IV 
Analysis of urinary urea and allantoin (Ezperiment No. 1) 


Substance amount | radio: |"sctivity in| | sa 
meg. c.p.m. % c.p.m./ymole 
— k 4.0 10.0 | 0.01 
as dixanthydrol 
derivative... 8.5 
11.6 
Allantein......... 245 | 5.3 & 105 2.8 340 0.34 


* Based on the average of specific activites found as the di- 
xanthydrol derivative and as BaCQOs3. 


Purine N-Ozxides. VI 


Vol. 234, No. 3 


dines were inactive. The high adenine to guanine ratio is that 
expected from a smal] dose of adenine (13) and the activity of the 
RNA-adenine is about 10 to 20 per cent of that to be expected 
(10, 18) from an equimolar dose of adenine. 

Purines from Soluble Nucleotides—The acid-soluble nucleotide 
fraction contained 1.7 X 10° ¢.p.m., or about 1 per cent of the 
administered C4. The activities of individual purines separated 
after hydrolysis of a portion of the extract are given in Table II. 
Over half of the radioactivity was recovered as adenine, with 
some hypoxanthine which had approximately the same specific 
activity. A lower activity was found in the guanine. No de- 
tectable activity was found in the pyrimidines. The soluble 
adenine and guanine were both more active than their RNA 
counterparts, as would be expected 24 hours after the last dose 
of adenine (14). 

Fractionation of Soluble Nucleotides—The soluble nucleotide 
fractions from the column fractionation were assayed for radio- 
activity. The bases were liberated by hydrolysis from selected 
active fractions, the main nucleotide component of which could 
be fully identified. The specific activities of the major purine 
components of these fractions are given in Table III. Other 
unidentified nucleotides containing adenine also had appreciable 
activity. Adenine 1-N-oxide, readily recognizable by its unique 
absorption spectrum (3), could not be demonstrated to be pres- 
ent in any fraction, although because of its susceptibility to acid 
degradation (3) small amounts might have been destroyed by the 
various acid treatments. 

Again, most of the radioactivity was in the adenine nucleo- 
tides. The bases from the AMP, IMP, GMP, and GDP were 
slightly more radioactive than the corresponding bases from the 
hydrolysate of the total nucleotide fraction (Table II). The 
activity of the ADP was 15 per cent less than that of the AMP. 
The very low total activity in the uric acid fraction is notable 
and in accord with the lack of extensive catabolism to allantoin 
(Table IV). 

The crude DPN fraction contained a remarkable proportion 
of the total activity, and the RSA of the chromatographically 
pure adenine isolated from it after hydrolysis was 9.9, 6 times 
that of the adenine of the AMP. For anon-DPN adenine-con- 
taining impurity to have been the carrier of sufficient activity to 
account for this result, its RSA must be very high. 

Urinary Metabolites—The urines from the two experiments 
contained at least 40 and 41 per cent, respectively, of the ad- 
ministered radioactivity. Because of self-absorption, and _ pos- 
sibly incomplete collection of urine, those are minimal values. 
The activity of the allantoin (Table IV), was midway between 
that of the RNA-adenine and guanine (Table II), but the total 
radioactivity present in the allantoin and urea accounted for 
only 6.8 per cent of that in the urine. 

Chromatographic studies, including radioautography of a two- 
dimensional chromatogram, indicated two other major radio- 
active components in the urine. In the first experiment the 
possibility that one of the components was either adenine or 
adenine 1-N-oxide was investigated by adding carrier amounts 
of those compounds and assaying chromatogram strips for radio- 
activity. Because of overlapping R»’s in several solvents (Ta- 
ble I), some activity always followed these compounds. How- 
ever, in solvents G and B only 2 and 4 per cent accompanied the 
oxide, while in F and C, only 2.5 apd 6 per cent accompanied 
adenine. 

The second experiment, at the higher dose level, was performed 
after additional reference compounds became available (1)). 
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Preliminary chromatography in solvents A and F was followed 
in each case by rechromatography of selected eluates in solvent 
E. Materials with an R, of approximately 0.4 in E were then 
concentrated and rechromatographed in solvents A, B, C, and F 
with controls. In each case materials were present which mi- 
grated as did 8-hydroxyadenine 1-N-oxide and 8-hydroxyade- 
nine. 

Column chromatography of the urine concentrate resulted in 
partial separation of 8-hydroxyadenine 1-N-oxide and 8-hydroxy- 
adenine. Each was further purified by paper chromatography. 
The observed RSA’s of 92.0 and 94.0, respectively, are minimal 
values, particularly that of the oxide, due to some self-absorp- 
tion by salts present. They appear to have arisen directly from 
the administered adenine 1-N-oxide. 

At the higher level of administration some crystals of 2,8- 
dihydroxyadenine were present in the kidney tubules, and that 
present in the kidneys represented about 2.5 per cent of the ad- 
ministered dose of adenine oxide. 


DISCUSSION 


The metabolites identified after the administration of adenine 
1-N-oxide to rats are outlined in Scheme 1. The pattern of 
conversion of adenine oxide to adenine and guanine derivatives 
corresponded with that to be expected from adenine, but the 
levels of radioactivity were only about 10 to 20 per cent of those 
expected from an equivalent amount of adenine. The data 
available do not indicate whether this reduction (or ‘“deoxy- 
genation”) occurred at the stage of free adenine oxide or after 
conversion to a nucleoside or nucleotide. From the high activity 
of the DPN fraction one might even speculate that the oxide 
was first incorporated into a DPN analogue and then reduced.? 

There was apparently no direct catabolism of the adenine 1-N- 
oxide to allantoin, since the amount of isotope observed there 
could be accounted for by the extent of labeling of the usual 
purine derivatives. 

A large proportion of the adenine 1-N-oxide appeared in the 
urine as 8-hydroxyadenine 1-N-oxide, with an activity almost 
that of the administered sample. The production of 8-hydroxy- 
adenine 1-N-oxide can be attributed to the direct action of xan- 
thine oxidase on adenine 1-N-oxide, a reaction which has been 
demonstrated in vitro (11). 

The simultaneous excretion of some equally radioactive 8-hy- 
droxyadenine is most logically attributed to direct reduction of 
the free 8-hydroxyadenine 1-N-oxide. By analogy, the possi- 
bility that adenine arose from direct reduction of adenine 1-N- 
oxide is to be seriously considered. 

When 8-hydroxyadenine is administered to rats, it is readily 
oxidized to 2,8-dihydroxyadenine (4), and is known to be oxi- 
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dized by xanthine oxidase in vitro (16). The production of 2,8- 
dihydroxyadenine can thus be explained by a second action of 
xanthine oxidase on 8-hydroxyadenine. 

No chemical properties of adenine 1-N-oxide have been ob- 
served which would suggest that the oxide function might be 
lost through a chemical instability (3, 11), although 5’-AMP 
1-N-oxide has been observed to undergo a trace of reversion to 
5’-AMP in water (17). Such a chemical property might explain 
a conversion to adenine derivatives if prior conversion of the 
adenine 1-N-oxide to a nucleotide took place. However, the 
reduction of 8-hydroxyadenine 1-N-oxide to 8-hydroxyadenine 
most certainly takes place at the level of the free base, and the 
chemical stability (11) of the former does not suggest any non- 
enzymatic loss of the oxygen from the N-oxide function. It is, 
therefore, felt that the removal of the oxygen function both from 
adenine 1-N-oxide or a derivative of it, and from 8-hydroxy- 
adenine 1-N-oxide are the result of a metabolic capacity of the 
animal. 


SUMMARY 


Adenine 1-N-oxide-8-C" is, in part, reduced in vivo and leads 
to adenine and guanine nucleotides. 

A large proportion is oxidized to 8-hydroxyadenine 1-N-oxide, 
some of which is reduced to 8-hydroxyadenine, and both appear 
in the urine. 
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Several years ago the methyl group of methionine was impli- 
eated in the biosynthesis of purines in the rat (1). It was 
suggested that methyl carbon contributed to adenine synthesis 
by way of formaldehyde and formate. Studies in this labora- 
tory have shown that methy!] carbon of methionine participates 
in uric acid synthesis in the chick (2). With the use of methyl- 
C4-methionine it was found that about 19 per cent of the dose 
was excreted in the urine of which uric acid contained half of 
the radioactivity and more than 90 per cent of this activity was 
found in carbons-2 and -8. Herrmann et al. (3) have made a 
comparative study of formate and methionine methyl utiliza- 
tion for thymine methyl! and purine synthesis in the rat. 

Folic acid deficiency has been shown to reduce markedly the 
incorporation of radioactive formate into purines in the rat (4) 
With the use of a folic 


ormate incorporation into purines of nucleic acids has also been 
observed (6). Buchanan and Sehulman (7) have demonstrated 
an effect of citrovorum factor on the ‘‘enzymatic exchange” of 
formate in carbon-2 of inosinie acid. In recent studies, Flaks 
et al. (8), Warren and Buchanan (9), and Warren et al. (10) 
have shown a requirement of N°, N!°-anhydroformy]-5,6,7 ,8- 
tetrahydrofolic acid for 5-amino-1-ribosyl-4-imidazolecarbox- 
amide 5’-phosphate transformylase as well as for 2-amino- 
N-ribosylacetamide 5/-phosphate transformylase which are 
responsible for the incorporation of 1l-carbon into positions 2 
and 8 of the purine ring, respectively. 

In the present study the effect of folic acid deficiency and the 
role of energy intake on the incorporation of methyl of methi- 
onine and carbon of formate into allantoin and nucleic acids 
were investigated. 


EXPERIMENTAL 


Production of Folic Acid Deficiency in Rats—Weanling male 
rats of the Sprague-Dawley strain, weighing 40 to 45 gm., were 
pair-fed a basal ration of the following composition: casein, 
18.0 per cent; sucrose, 72.0 per cent; salts 446 (11), 4.0 per cent; 
corn oil, 4.0 per cent; sulfathalidine, 2.0 per cent; and choline 


* This work was supported in part by grants-in-aid from the 
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AT(11-1)-67. Presented at the meeting of the American Institute 
of Nutrition, Philadelphia, April 14 to 18, 1958. 
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chloride, 0.4 per cent. The ration was supplemented with vi- 
tamin A (20,000 U.S.P. units per kg.), vitamin D (2000 units 
per kg.) and vitamin E (100 mg. per kg.). All the B vitamins 
(except folic acid) were added at adequate levels. Folic acid- 
deficient and normal rats were used for the incorporation studies. 
All the deficient animals showed typical symptoms of folic acid 
deficiency including the anemia before the isotope experiments 
were carried out. 

Incorporation of C'-formate and ;-methionine in Allantoin 
—Three normal and three deficient male rats were each injected 
with 0.388 we. of C'H;-methionine (specific activity 0.42 me. 
per mmole) per day over a period of 7 days. Urine collected 
during this period was pooled. Each of another set of three 
rats was injected with 1.21 ue. of labeled methionine per day 
for the same period, and urine was collected ini the same manner. 
Similarly, the experiment was repeated with 1.4 ue. of C*- 
formate (specific activity 8.9 me. per mmole) per day per rat. 
Allantoin was isolated according to the method of Brown et al. 
(12). Samples were obtained which gave a melting point of 
232° and were checked for purity by chromatography. This 
crystalline allantoin was plated at infinite thinness with the aid 
of a detergent and counted in a Q gas flow counter. The results 
are given in Table I. 

Incorporation of C'-formate and C'%H3-methionine into Nucleic 
Acids—For this study three rats in each group (deficient and 
normal) were given injections of 20 ue. of C™-formate per rat 
and a similar set received injections of 15 ue. of C'4H3-methionine. 
The animals were killed after 4 hours, and liver nucleic acids 
were isolated (13) and counted at infinite thinness. In a similar 
experiment three normal and three deficient rats were given, by 
injection, 2 ue. of C'-formate per rat per day for 7 days. The 
results are given in Table ITI. 

Effect of Equal Food Intake on Nucleic Acid Synthesis in Folic 
Acid-deficient and Normal Animals—Four rats were fasted for 
24 hours and then given 1.5 gm. of food which were consumed 
in one-half hour. At the end of this period two animals were 
given injections of 15 ue. of C'-formate and the other two, a 
similar dose of C'*H3-methionine. They were killed after 4 
hours, and the incorporation of radioactivity in nucleic acids 
was determined. In an identical experiment with another two 
pairs of rats, the animals were fasted for only 12 hours and the 
isotope was injected without previous feeding. The results are 
summarized in Table IIT. 

Incorporation of C'*-formate and C“%H;3-methionine into Citro- 
vorum Factor and Formate in Normal Rats—Trapping technique 
was used for thisstudy. Three pairs of normal rats, were treated 
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TABLE I 


Effect of folic acid deficiency on incorporation of C%H;-methionine 
and C'4-formate into allantoin 


Folic Acid in Nucleic Acid Synthesis 
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TABLE IV 


Incorporation of C'4-formate and 3-methionine in urinary 
formate and in citrovorum factor from liver 


Isotope administered Dose for 7 days Isotope plus trapping material administered * “liver, 
Normal Deficient specific activity 
pe./day c.p.m./mg. c.p.m. fresh 
iver 
C'4H;-methionine......... 0.38 114 405 
C4H;-methionine + folie acid........ 80 900 
1.21 500 2,098 
C4H;-methionine + formate.......... 108 1265 
| C'4-formate + folie acid.............. 5740 6050 
* Each value represents the average for three rats. There was 


good agreement among values. 


TABLE II 


Incorporation of C'4-formate and C'4H;-methionine in liver nucleic 
acids in folic acid-deficitent and normal rats 


Nucleic acids specific 


| | 


Isotope administered* Timet | —" 
| | Normal | Deficient 
Ars. c.p.m./mg. 
| 4 385 880 
168 207 362 
4 365 | 516 


* Amounts injected as noted in the text. 

+ In each group the livers of three rats were pooled for the iso- 
lation of nucleic acids. 

t Period after administration before rats were killed. 


TaB_e III 
[ncorporation of C'4-formate and C'4H;-methionine in nucleic acids 
in folic acid-deficient and normal rats 


Nucleic acids 
specific activityt 
Isotope administered Condition before injection* 
Normal | Deficient 
c.p.m./mg. 
rs Postabsorptive 1237 563 
C'4H;-methionine........ Postabsorptive 213 256 
C™tovmate............ Active absorptive 2750 560 
C'4H;-methionine........ Active absorptive 250 237 
| 


* Postabsorptive: fasted for 12 hours and injected without pre- 
vious feeding; active absorptive: fasted for 24 hours and fed 1.5 
gm. per rat before injection. 

+ In each group the livers of two rats were pooled for the iso- 
lation of nucleic acids. 


as follows. One pair received intraperitoneal injections of 5 
mg. of folic acid and 35 ue. of C'H;-methionine; to another 
pair 5 mg. of folic acid and 35 ue. of C'-formate were admin- 
istered; and the third pair was given injections of 12 mg. of 
sodium formate and 35 ue. of C'H3-methionine. Urine was 
collected for 12 hours and formate was isolated by steam distil- 
lation under nitrogen according to Weinhouse and Friedmann 
(14). At the end of the 12-hour period the animals were killed, 
livers were quickly removed and chilled, and citrovorum factor 
was isolated by the method of Doctor and Awapara (15). The 
results are given in Table IV. 


isotopes. 


* Amounts injected as noted in the text. 

1 The excretion of two rats in each group was pooled and the 
value is the average excretion per rat. 

t The livers from duplicate animals in each group were pooled 
for isolation. 


RESULTS AND DISCUSSION 


The specific activity of allantoin isolated from the urine of 
rats on a folic acid-deficient diet was at least 3 times higher as 
compared to normal animals (Table I) regardless of the amount 
of C'4H;-methionine injected. C'!*-formate gave a similar 2- to 
3-fold increase in specific activity of allantoin isolated from the 
urine of deficient rats as compared to normal controls. It is 
difficult to interpret these results in view of the established role 
of folic acid in the incorporation of carbons-2 and -8 (7-10) of 
the purine molecule, since in folic acid deficiency one would 
expect a reduced incorporation of C'-formate and C'H;-methi- 
onine into purines, nucleic acids, and allantoin. 

In view of these rather surprising results, and since allantoin 
is the breakdown product of nucleic acids, it was decided to 
examine the effect of C'-formate and C'™H3-methionine incor- 
poration into liver nucleic acids. As will be seen from Table II, 
once again a marked increase in specific activity was observed 
in nucleic acids isolated from folic acid-deficient livers compared 
to normal. Furthermore, the general trend remained the same 
whether the animals were killed shortly after administration of 
the isotope or after receiving injections of the same amount of 
tracer spread over a period of 7 days. These data seem to 
substantiate our results of allantoin excretion which, however, 
are contrary to the findings of Drysdale et al. (4) who showed 
that formate incorporation into purine of nucleic acids in folic 
acid deficiency was depressed compared to normal. Similarly, 
our data are contrary to the findings of Goldthwait and Bendich 
(6). 

Clark et al. (16) have shown that energy intake plays an im- 
portant role in nucleic acid synthesis. They have demonstrated 
a decreased nucleic acid synthesis with the decrease in energy 
intake. Under the paired feeding conditions of our studies, 
normal animals consumed their daily portion of food almost 
immediately and fasted for the rest of the 24 hours, whereas the 
deficient animals ate their allotment intermittently over the 
same period. Therefore, the experiment was repeated to re- 
move any possibility of having normal animals in the _post- 
absorptive condition and the deficient animals in a state of 
active absorption of nutrients at the time of injection of the 
Also, the effect of energy intake on the incorporation 
of the isotopes into nucleic acids was tested with another set of 
normal and deficient rats. 

Now, under these conditions, a considerable decrease in for- 
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mate incorporation into nucleic acids can be clearly seen in 
folic acid deficiency (Table II1). This is also true whether the 
animals are in postabsorptive condition or in a state of active 
absorption as long as the condition is identical for normal and 
deficient animals before the injection of the isotope. Thus, the 
results are now in agreement with the findings of other authors 
(4, 6). In accord with the observations of Clark et al. (16) 
increase in energy intake did result in a marked increase in 
formate incorporation in the normal animal. The fact that no 
corresponding increase could be observed in the deficient animals 
further reflects the impairment in the mechanism of formate 
incorporation. 

Totter et al. (5), using chicks, found that in folic acid deficiency 
incorporation of C'-formate into RNA and DNA nucleotides 
was only slightly decreased. Without a consideration of species 
differences, a possible explanation for the lack of effect is the 
16-hour experimental period used by these authors compared 
to only a 3- or 4-hour period used in the present study and by 
Drysdale et al. (4). It is possible that the longer period ob- 
scured the rate relationships between normal and deficient birds. 
Although the chicks were fed ad libitum and therefore both 
groups were in the same absorptive state, perhaps increasing 
the energy intake might have helped to bring about a substan- 
tial difference between the two groups. 

As will be seen from the results in Table III, under the same 
conditions and in the normal animal, C'4-formate incorporation 
is about 10-fold compared to C'*H;-methionine incorporation 
into nucleic acids, which confirms the findings of Herrmann 
et al. (3) and Fairley and Herrmann (17). However, unlike 
formate, methionine-CH; incorporation was not affected by folic 
acid deficiency. 

Using the technique of Weinhouse and Friedmann (18), an 
attempt was made to trap formate which is possibly on the 
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pathway of methionine methyl oxidation. As will be seen from 
Table IV, total formate trapped was negligible. This is very 
likely due to a considerably smaller dose of unlabeled formate 
used for trapping in the present study compared to that em- 
ployed by the above authors (18). In order to ascertain to 
what extent folic acid participates in the metabolism of methi- 
onine, citrovorum factor was also isolated. It is evident that 
methyl of methionine is converted to the formy! of citrovorum 
factor in the normal animal. 

These results would indicate that the methyl of methionine 
does go through a folic acid intermediate on the pathway of 
nucleic acid synthesis. The lack of effect of folic acid deficiency 
may then be explainable on the basis of relative rate of hydroxy- 
methyl-tetrahydrofolic acid formation from free methionine 
compared to that from formate and other 1l-carbon precursors. 
Recent studies by Kit et al. (19) on the synthesis of thymine 
compounds from methionine, formate, and formaldehyde lend 
further support to this hypothesis. 


SUMMARY 


1. Incorporation of C'*-formate and C'H;-methionine into 
allantoin and nucleic acids was studied in pair-fed folic acid- 
deficient and normal rats. 

2. It was observed that folic acid-deficient rats incorporated 
more radioactivity into allantoin and nucleic acids than normal 
animals. 

3. When the conditions of energy intake before administra- 
tion of the dose were identical, folic acid-deficient rats now in- 
corporated considerably less labeled formate into nucleic acids 
as compared to control animals. 

4. Incorporation of C'%H;-methionine into nucleic acids was 
not affected in folic acid deficiency. 
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A variety of reactions associated with the anabolism of ribo- 
nucleotides and deoxyribonucleotides as well as with their in- 
corporation into ribonucleic acid and deoxyribonucleic acid, re- 
spectively, has been shown to occur in the high speed, particle 
free, supernatant fraction of rat liver. Such a cellular fraction 
obtained from normal rat liver has been shown to convert UMP 
(1), dAMP, dCMP, and dGMP (2) to the respective di- and 
triphosphates, and to catalyze the incorporation of UMP (3) 
and AMP (4) into RNA. The comparable fraction obtained 
from regenerating rat liver differs from the fraction of the normal 
rat liver in that it is capable of converting not only dAMP, 
dCMP, and dGMP, but also dTMP (5) to the respective di- and 
triphosphate forms. In addition, this latter fraction has been 
shown to catalyze the incorporation of C!-labeled dAMP, dC MP, 
dGMP, and dTMP (6), as well as tritiated thymidine (7), and 
tritiated thymidine from tritiated thymidine triphosphate (8) 
into DNA. The incorporation of tritiated thymidine into DNA 
by cell-free extracts of Ehrlich mouse ascites tumor cells has 
also been demonstrated (9). 

The mechanism of DNA biosynthesis by highly purified bac- 
terial preparations has been elegantly elucidated by the studies 
of Lehman et al. (10) and Bessman et al. (11). Because of our 
basic interests in the interdependence of enzymatic reactions 
associated with the process of nucleic acid biosynthesis in mam- 
malian tissues we have undertaken a study of the reactions asso- 
ciated with DNA biosynthesis in these tissues. We have thus 
far confined our investigations to a study of crude cellular ex- 
tracts in order to establish the associated enzymatic pathways 
which exist as well as the conditions for their interaction. To 
this end we have developed an enzyme system which, under the 
described experimental conditions, will respond maximally to 
environmental changes. This enzyme system may be used as 
an assay for compounds which may be involved in, or may in- 
terfere with, the over-all process of DNA synthesis by affecting 
any of a number of biosynthetic reactions, 7.e. synthesis of DNA 
precursors, incorporation and polymerization reactions, inter- 
actions of DNA with other cellular components, and others. 
It has been found that a greater than 30-fold stimulation of de- 
oxyribonucleotide incorporation into DNA can be attained by 
the judicious use of optimal substrate and cation concentrations. 


* This investigation was supported in part by a research grant 
from the American Cancer Society. One of us (Roger Mantsa- 
vinos) was supported during this investigation by a postdoctoral 
fellowship in the Department of Pharmacology with the aid of a 
Research Training Grant (CRTY-5012) from the National Cancer 
Institute, United States Public Health Service. 


EXPERIMENTAL 


Materials and Methods 


The creatine phosphate and nonradioactive deoxyribonucleo- 
side 5’-monophosphates were purchased from the California 
Foundation for Biochemical Research. ATP and Tris! were 
commercial products of the Sigma Chemical Company. Crea- 
tine kinase was prepared according to the method of Kuby et al. 
(12). RNase and DNase were products of the Worthington 
Biochemical Corporation. The deoxyribonucleoside di- and 
triphosphates of adenine, thymine, guanine, and cytosine were 
chemically synthesized from the respective deoxyribonucleoside 
5’-monophosphates by the methods of Khorana (13), Chambers 
and Khorana (14), and Potter et al. (15). The corresponding 
di- and triphosphates of 5M-dCMP were obtained by incubating 
the “enzyme” (described below) with the monophosphate under 
conditions already described (5). All compounds used during 
the assay were added as the neutral sodium salts. 

Randomly labeled C'4-deoxyribonucleoside 5’-monophosphates 
were obtained by enzymatic hydrolysis of the DNA of Escher- 
ichia coli grown ona minimal medium containing 10 mc. of C4Os., 
according to the method of Downing and Schweigert (16). Sep- 
aration of the deoxyribonucleotides was accomplished by using a 
modification of the ion-exchange chromatography technique of 
Hurlbert et al. (17) which gave excellent resolution and good 
vields. The details and advantages of this modified fraction- 
ation procedure have been reported in an earlier communication 
(5). The specific activities of the C'-labeled deoxyribonucleo- 
tides were 4.5 X 10° to 8.5 & 10° ¢.p.m. per umole, as measured 
in a gas flow counter. DNA was isolated from normal rat liver 
and freed of RNA contamination by the methods described by 
Zamenhof (18) and was assayed with diphenylamine by the 
Dische colorimetric reaction (19). 

Rat liver nuclei were obtained by the method described by 
Hogeboom (20). The soluble extract of cell nuclei used in these 
experiments was prepared by repeated thawing and freezing of 
the cell nuclei of four adult rat livers in 5.0 ml. of 0.05 m Tris 
buffer, pH 7.4. The supernatant fraction obtained after cen- 
trifugation at 20,000 x g in an International centrifuge was 
used. 

Preparation of Soluble Extract of Regeneration Rat Liver—Male 
albino rats (Sprague-Dawley) weighing 160 to 220 gm. were 
partially hepatectomized under ether anesthesia, between 8 and 

' The abbreviations used are: d, in combination with accepted 


abbreviations, deoxy; Tris, tris(hydroxymethyl)aminomethane; 
5M-dCMP, 5-methyldeoxycytidine monophosphate. 
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10 a.m., according to the method described by Higgins and An- 
derson (21). The animals were sacrificed by decapitation 36 
hours postoperatively and the livers rapidly removed, chilled on 
ie, and homogenized in 0.4 volume of ice-cold 0.1 mM sodium 
phosphate buffer, pH 7.4. The homogenate was then centri- 
fuged at 106,000 X g in a Spinco ultracentrifuge (Model L, Rotor 
No. 40). After centrifugation the supernatant fraction was si- 
phoned off with a pro-pipette, care being exercised to avoid any 
contamination by cellular particles. This fraction was then 
dialyzed in the cold room at 3-5° for 24 hours against two 
4-1. changes of 0.05 m Tris, pH 7.4, centrifuged once again at 
20,000 X g at 0°, and then stored in aliquot portions at —20° 
until used. The protein content of this preparation was meas- 
ured spectrophotometrically by the method of Lowry as reported 
by Kalekar (22). All experiments reported in this work were 
performed using this crude preparation, henceforth referred to 
as “enzyme,” without any further attempt at purification. Dif- 
ferent “enzyme” preparations were used for most experiments. 
Preparation of normal rat liver “enzyme” has been described 
elsewhere (23). 

Assay of Reaction Mixtures—The following procedure, which 
is essentially a combination of the Schmidt-Thannhauser (24) 
and Schneider (25) methods, was used routinely to assay for the 
extent of incorporation of radioactive deoxyribonucleotides into 
DNA. The following steps, up to the alkaline digestion of the 
residue, were performed with ice-cold reagents and at 0 to 4°. 
After incubation the reaction vessel was chilled on ice and 8.0 
ml. of 0.4 N HClO, was added to the mixture. Whenever neces- 
sary, a suitable amount of carrier protein and DNA, in the form 
of a concentrated rat liver homogenate, was added to the de- 
natured reaction mixture in order to obtain a workable precipi- 
tate. The precipitated mixture was centrifuged and the residue 
was washed three more times with 6.0-ml. portions of 0.4 N 
HCI10;, followed by washings with 6.0-ml. portions of 95 per cent 
ethanol, ethanol-ether (3:1), and finally with ether. The resi- 
due was then dried at room temperature and digested overnight 
with 1.0 ml. of 0.2 N NaOH at 37° in order to hydrolyze the 
RNA. After alkaline hydrolysis the reaction vessel was chilled 
on ice, and 0.2 ml. of ice-cold 1.0 N HCl was added to the digest 
followed by 8.0 ml. of ice-cold 7 per cent trichloroacetic acid. 
The mixture was centrifuged at 0° and, after washing the residue 
twice with 5.0-ml. portions of the above ice-cold trichloroacetic 
acid, it was extracted with 5.0 ml. of 5 per cent trichloroacetic 
acid at 90° for 30 minutes and centrifuged at room tempera- 
ture. The resulting supernatant fraction was concentrated to 
a volume of about 0.5 ml. by heating in test tubes immersed in 
a boiling water bath. The concentrate was then plated on 
stainless steel planchets and dried, first in a desiccator over 
phosphorus pentoxide and under reduced pressure, and then 
overnight in an oven at 80°. The radioactivity of the sample 
was finally recorded with a gas flow counter. Under these 
conditions no visible corrosion of the planchets occurs and the 
counts obtained are comparable to those obtained at infinite 
thinness. 

Unless otherwise specified all reaction mixtures were incubated 
at 37° for a period of 1 hour. The composition of the three 
basic reaction mixtures (A, B, and C) used in this work was as 
follows: (A) 1.0 mymole each of chemically synthesized dATP, 
dCTP, and dGTP, 1.0 mumole of dTMP having 3.0 x 104 
‘.p.m., 3.3 of ATP, 15.3 wmoles creatine phosphate, 200 
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ug. of creatine kinase, 62 wmoles of Tris buffer; pH 7.4; 75 ug. 
of rat liver DNA, “enzyme” (10 mg. of protein), MgCl, in the 
amounts given for each experiment, and distilled water to a 
final volume of 1.6 ml., (B) 1.0 mumole each of dAMP, dCMP, 
dGMP, and 5M-dCMP, 1.0 mumole of dTMP having 3.0 x 104 
c.p.m., 3.3 wmoles of ATP, 7.7 umoles of creatine phosphate, 
200 wg. of creatine kinase, 62 umoles of Tris buffer, pH 7.4, 75 
pg. of rat liver DNA, 11 wmoles of MgCle, 4.0 uymoles of CaClo, 
“enzyme” (3.4 mg. of protein), and distilled water to a final 
volume of 1.6 ml., (C) 10 mumoles of dAMP, 10 myumoles of 
dCMP, 20 mumoles of dGMP, 5.0 mumoles of 5M-dCMP, 20 
mumoles of dTMP, 3.3 umoles of ATP, 7.7 umoles of creatine 
phosphate, 200 wg. of creatine kinase, 62 umoles of Tris buffer, 
pH 7.4, 100 wg. of rat liver DNA, MgCl, CaCh, and MnCl. in 
concentrations indicated for each experiment, “enzyme” (3.4 
mg. of protein), and distilled water to a final volume of 1.6 ml. 
In this type of reaction mixture 3.0 mumoles of the total amount 
of either dTMP or dGMP was present as the radioactive deoxy- 
ribonucleotide having 9.0 * 104 ¢.p.m. The concentrations of 
the deoxyribonucleotides listed above represent optimal sub- 
strate concentrations for the incorporation of C4-dTMP into 
DNA as determined by the experimental procedure described 
further in the text. 


RESULTS AND DISCUSSION 


Phosphorylation of Deoxyribonucleoside 5'-Monophosphates 


As has been previously reported (5) the “enzyme” from regen- 
erating rat liver can phosphorylate the deoxyribonucleoside 
5’-monophosphates of adenine, guanine, cytosine, and thymine 
to the respective di- and triphosphate forms, as well as the 
5’-monophosphate of 5-methyldeoxycytidine (see ‘‘Materials and 
Methods”). Interestingly enough, although the soluble cyto- 
plasmic fraction of normal rat liver can phosphorylate the deoxy- 
nucleoside 5’-monophosphates of adenine, guanine, and cytosine 
to the di- and triphosphate stage it cannot phosphorylate dT MP 
to the di- and triphosphates (2). Similar differences in the 
capacity of normal and regenerating rat liver to phosphorylate 
H?-thymidine have been reported by Bollum (8). This may 
represent a critical point of difference between normal and 
regenerating rat liver and it may afford a mechanism for the 
control of DNA synthesis, especially when this difference is 
considered in conjunction with the high rate of degradation of 
uracil by normal rat liver as compared to the low rate of degra- 
dation of this compound by regenerating rat liver (26). Several 
investigators (10, 27-32) have previously reported the presence 
of kinases, in bacterial and animal tissues, capable of phospho- 
rylating deoxyribonucleoside monophosphates to the di- and tri- 
phosphate stages. From the results of our previous experiments 
on the phosphorylation of deoxyribonucleoside monophosphates 
(5), it is tempting to designate the triphosphates as the precursors 
for DNA synthesis in the system under investigation, as has 
been shown to be the case for the bacterial system (10). How- 
ever, such an assumption cannot be made on the basis of a lim- 
ited number of experiments with a crude enzyme preparation. 
More conclusive evidence as to the nature of DNA precursors 
must await experiments with the purified polymerase fraction of 
the “enzyme” preparation and establishment of the optimal con- 
ditions necessary for its interaction with likely precursor sub- 
strates. 

Comparison of Various Energy Sources for Phosphorylation 
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TABLE I[ 

Comparison of phosphorylation of C'*-dGMP in presence of various 
energy sources by normal and regenerating rat liver enzymes 
The reaction mixture contained approximately 2 mymoles of 

(6 X 104 ¢.p.m.), 3.3 wmoles of ATP, 15.3 wmoles of 

creatine phosphate, 200 ug. of creatine kinase, 33 umoles MgCl., 

62 umoles of Tris, pH 7.4. ‘‘enzyme’’( 10 mg. protein), and distilled 

water to a total volume of 1.3 ml. When used alone, 33 umoles of 

either ATP, UTP, ADP, or UDP were added. Incubation time 
was 20 minutes at 37°. After incubation the reaction mixture 

was analyzed as previously described (5). 


Distribution of 

deoxyribonucleotides* 

Enzyme source (rat liver) Energy source 
Mono-P | Di-P | Tri-Pt 

70 % 
CP,I CK, ATP 10 30 60 
Regenerating....... CP, CK, ATP 5 10 85 
ATP 30 30 40 
Regenerating....... ATP 20 +0) 40 
UTP 55 30 15 
Regenerating....... UTP 10 60 20 
ADP 90 10 0 
Regenerating....... ADP 90 10 0 
UDP 100 0 0 
Regenerating....... UDP | 100 0 0 


* The radioactivity present in the three forms is expressed as 
per cent of the total in the three forms recovered in the acid- 
soluble fraction. 

+ The di- and triphosphates were identified by comparison with 
synthetic di- and triphosphates (12-14). 

t CP, creatine phosphate; CK, creatine kinase. 


Reaction—Table I presents experimental results comparing the 
relative abilities of the normal and regenerating rat liver ‘‘en- 
zymes” to catalyze the conversion of C-dGMP to higher phos- 
phates while utilizing various high energy phosphate donors as 
energy sources. It can be seen that even though the creatine 
kinase-creatine phosphate-ATP system is optimal, ATP or UTP 
alone will also serve in a similar capacity, although less efficiently; 
however, ADP and UDP are essentially inactive. 


Incorporation of C'4-labeled Deoxyribonucleotides into DN A 


General Properties and Requirements—In addition to the re- 
quirement for a high energy phosphate source the enzymatic 
reactions being investigated were found to be dependent upon 
the addition of rat liver DNA and the presence of certain cations, 
namely Mg++ or Mnt*. It was also observed that although 
equimolar concentrations of dAMP, dCMP, dGMP, and dTMP 
were incorporated into DNA to the same extent separately, a 
stimulation of incorporation was obtained when a full comple- 
ment of all four deoxyribonucleotides was incubated concur- 
rently (6). It has been found that this stimulatory effect can 
be further increased by the addition of 5M-dCMP to the remain- 
ing four deoxyribonucleotides. Experimental evidence indicat- 
‘ing that the incorporated radioactivity was associated with 
DNA has already been presented in an earlier communication 
(6). 

The optimal concentrations of deoxyribonucleotides and of 
metal cations required for maximal incorporation of deoxyribo- 
nucleotides into DNA by this “enzyme” system have also been 
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established. It has been found that the extent of incorporation 
is not only dependent on the type of metal cation and deoxy. 
ribonucleotide present in the reaction mixture but also on the 
concentration of these reactants. A concentration of 7.0 x 107 
M MgCl. was found to be optimal in reaction mixtures whose 
basic composition is similar to those used here (see ‘Materials 
and Methods’). No appreciable incorporation of dTMP into 
DNA was observed when Mgt+ was omitted from the reaction 
mixtures. The addition of CaCle at an optimal concentration 
of 2.5 X 10-* to reaction mixture type A containing an optimal 
Mg?** concentration resulted in an enhancement of the incorpora- 
tion of dTMP by approximately a factor of 5. Although a 
stimulatory effect is observed with combinations of Cat+ and 
Mg*+ no incorporation can be detected in reaction mixtures 
containing Ca*+ alone. It has also been found that the presence 
of Mnt+ at an optimal concentration of 3.0 * 10-* mM could 
replace the requirement of this system for Mgt+ and that the 
incorporation observed in the presence of Mn++ alone is equiva- 
lent to that obtained in the presence of optimal concentrations 
of Ca++ and Mgt+. All of the metal cation concentration curves 
were bell-shaped in appearance with well-defined maxima and 
in each case superoptimal concentrations were found to be inhib- 
itory. 

Optimal substrate concentrations for (AMP, dCMP, dGMP, 
dTMP, and 5M-dCMP were also established and were found to 
lie within a range of approximately 3.0 to 13.0 mumoles per ml. 
when determined in reaction mixtures whose basic composition 
was similar to that of reaction mixture C. 

Time Curve—Fig. | presents experimental data obtained from 
a time study of the enzymatic reaction investigated with the use 
of two differently aged ‘“‘enzyme”’ preparations. It can be seen 
that both time curves display a lag period which precedes the 
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Fig. 1. The incorporation of C'4-dTMP into DNA at low “en- 
zyme”’ concentrations as a function of time. @——®@, ‘‘enzyme” 
aged 3 days. O——O, “enzyme” aged 1 month. With the 
exception of the concentration of DNA, which was increased to 
100 ng., the composition of the incubation mixtures is identical to 
that of reaction mixture ‘‘B.’’ The incubation time was | hour 
at 37°. 
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Fig. 2. The incorporation of C'*-dTMP into DNA as a function 

of “enzyme’”’ concentration. The concentration of ‘‘enzyme’’ is 
expressed in terms of protein per ml. The composition of the in- 


cubation mixture is similar to reaction mixture type “‘B’’ with 
the exception of the amount of ‘‘enzyme’’ which was varied as 
shown. Incubation time was 1 hour at 37°. 


ascending limb of the curve. This lag period is much greater for 
the “enzyme” which was stored at —20° for 1 month than for 
the 3-day-old ‘‘enzyme.”’ The longer lag period of the 1-month- 
old “enzyme” may be a reflection of the decreased capacity of 
the “enzyme” to phosphorylate the deoxyribonucleotide mono- 
phosphates to higher phosphates. Due to the instability of the 
“enzyme”? most experiments were performed within 10 days 
after preparation of the “enzyme.” 

“Enzyme” Concentration Curve—As can be seen from Fig. 2 
the “enzyme” concentration curve is S-shaped and the upper 
plateau of the curve appears at a level of approximately 9.0 mg. 
of protein per ml. The plateau is probably the result of a com- 
bination of several factors such as the exhaustion of the energy 
source due to side reactions and subsequent degradation of sub- 
strates, the degradation of added and synthesized DNA, as well 
as the inactivation of enzymes involved in the reactions under 
study. 

Effect of Added DNA on C'*-dTMP Incorporation—Fig. 3A 
illustrates the variation in the incorporation of C'-dTMP ob- 
tained in reaction mixtures containing varying amounts of rat 
liver DNA and having different cationic compositions. In the 
absence of added DNA no appreciable incorporation of dTMP 
was observed. The extent of incorporation in reaction mixtures 
which contained both MgCl. (11 umoles per 1.6 ml. of sample), 
and CaCl, (4.0 umoles per 1.6 ml. of sample), showed consist- 
ently higher incorporation and did not reach a plateau value 
even with DNA concentrations as high as 200 ug. per sample. 
The effects produced by Cat+ and other divalent cations is dis- 
cussed in a later section of this paper. 

The effect of adding rat liver DNA to reaction mixtures con- 
taining Ca++ and at low ‘enzyme’”’ concentration (3.4 mg. of 
protein) is shown in Fig. 3B. Under these conditions it can be 
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Fic. 3. The effect of rat liver DNA on the incorporation of C'- 
dTMP into DNA. A. @——@, the effect of DNA in reaction 
mixtures containing 11.0umoles of MgCl: per 1.6 ml., O——O, the 
effect of DNA on reaction mixtures containing 11.0 wmoles of 
MgCl. and 4.0 umoles of CaCl, per 1.6 ml. With the exception of 
DNA the concentration of which was varied as shown, the compo- 
sition of the reaction mixtures were similar to those of reaction 
mixture ‘‘A.’’ Incubation time was | hour at 37°. B. The effect 
of rat liver DNA at low ‘‘enzyme’’ concentrations (3.4 mg. of 
protein). The reaction mixtures were similar to those described 
for reaction mixture ‘“‘B,’’ except that the concentration of DNA 
was varied as shown. Incubation time was | hour at 37°. 


seen that the stimulation achieved by the addition of increasing 
amounts of rat liver DNA reached a plateau at approximately 
75 pg. of DNA per 1.6 ml. of sample. At DNA concentrations 
above 150 wg. per sample an inhibition of the incorporation of 
thymidvlic acid was observed. This curve supplements the 
upper curve of Fig. 3A which shows the results obtained with 
10 mg. of ‘enzyme” protein and which could not be extended to 
higher DNA concentrations because of technical difficulties. In 
subsequent experiments a nonlimiting concentration of 100 ug. 
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Fic. 4. The effect of various concentrations of DNase and 
RNase on the incorporation of C4-dTMP into DNA. With the 
exception of the addition of either DNase or RNase, in the con- 
centrations shown, the reaction mixtures were similar to those of 
type ‘‘B.’’ The time of incubation was 1 hour at 37°. 


of DNA per sample was used in the presence of 3.4 mg. of “en- 
zyme”’ protein. 

Effect of RNase and DNase on Incorporation—Fig. 4 shows 
that the addition of DNase in concentrations of approximately 
6 wg. per ml. to reaction mixtures results in an inhibition of 
deoxyribonucleotide incorporation of about 97 per cent, whereas 
the addition of DNase in concentrations of 1.0 ug. per ml. results 
in an inhibition of incorporation by approximately 33 per cent. 
It can also be seen that RNase under similar experimental con- 
ditions does not influence the extent of incorporation to any 
appreciable degree. 

Effect of Concentration and of Various Combinations of Deoxy- 
ribonucleotides—In order to establish the optimal concentrations 
of deoxyribonucleotides required for maximal incorporation the 
following experimental approach was used. The amount of 
incorporation of C'-dTMP was first measured in the presence 
of increasing concentrations of nonradioactive dAMP. After the 
optimal concentration of dAMP was established the effect of 
increasing concentrations of dCMP in reaction mixtures contain- 
ing C'4-dTMP and optimal concentrations of dAMP was de- 
termined. Similarly, optimal concentrations of dGMP, 5M- 
dCMP, and C'*dTMP were determined in that respective 
order. The results of these experiments are presented in Fig. 5. 
Optimal concentrations for the substrates studied lie within a 
range of approximately 3.0 to 13 uwmoles per ml., and with the 
use of optimal concentrations an approximately 8-fold increase 
in the incorporation of C'-dTMP could be obtained. It is 
recognized that the above order of determining the optimal 
concentrations for the deoxyribonucleotide substrates is cer- 
tainly not exhaustive and that a more efficient order may exist. 
However, it did not appear practical to screen other possible 
combinations at this stage of the experimental work. When 
optimal deoxyribonucleotide concentrations were determined in 
the previously mentioned order it was found that superoptimal 
concentrations of both dAMP and 5M-dCMP nullified the stim- 
ulatory effect which these compounds produced when added in 
optimal concentrations as is shown in Fig. 5. This effect con- 
trasts to that obtained for the other substrates tested; at super- 
optimal levels these did not inhibit the incorporation of C"- 
dTMP into DNA. It is also noteworthy that on revaluating 
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the optimal concentration of Ca*+* at optimal concentrations of 
deoxyribonucleotides it was found to increase slightly, shifting 
from 2.5 X to 3.0 X M. 

The experimental data presented in Table II indicate that the 
deoxyribonucleotides whose bases are thought of as normally 
being hydrogen bonded to each other in the DNA structure 
proposed by Watson and Crick (33) stimulate the incorporation 
of each other. For example, the data in part 1 of Table IT indi- 
cate that neither the addition of (CMP or dGMP nor a combina- 
tion of dCMP and 5M-dCMP increases, to any appreciable 
extent, the incorporation of C'’-TMP, which is regarded as being 
hydrogen bonded to dAMP in the DNA helix. However, the 
addition of dAMP or dGMP to similar mixtures containing 
dCMP and 5M-dCMP, results in an enhancement in the incor- 
poration of C“-dTMP. This enhancement is further increased 
by the addition of the last remaining deoxyribonucleotide of the 
series (€(GMP or dAMP, respectively). Part 2 of Table IT shows 
that the incorporation of C'-dTMP can be stimulated by the 
addition of dAMP alone, to a greater extent than when dCMP 
or dGMP are added alone (compare part 1). Upon addition of 
dCMP to a reaction mixture containing both dTMP and dAMP 
another increase of incorporation occurs and further increases 
can be obtained by the addition of d@MP and 5M-dCMP. 

Effect of Various Cations on Incorporation of Deoxyribonucleo- 
tides into DNA—In an earlier communication (6) from this 
laboratory we reported that the incorporation of deoxyribo- 
nucleotides into DNA could be stimulated by the presence of an 
extract prepared from regenerating rat liver cell nuclei isolated 
by the method of Hogeboom (20). This isolation procedure 
involves the use of media containing small amounts of CaCl, to 
aid in maintaining the morphological characteristics of the cell 
nuclei. Table III presents the results of a series of experi- 
ments which established the presence of contaminating Ca** in 
the nuclear extract as being the factor largely responsible for 
the stimulating effect observed with the nuclear extract. Ex- 
periment | shows that the stimulation of incorporation observed 
by the addition of nuclear extract prepared by the calcium 
method, although not lost by heating, is destroyed by dialysis 
of the nuclear extract. In addition, this experiment shows that 
nuclear extracts prepared from rat liver nuclei, which were iso- 
lated by the same method, but without the addition of calcium 
did not stimulate the reaction under study. As shown in experi- 
ment 2, addition of calcium in varying amounts to incubation 
mixtures resulted in a stimulation of incorporation, thus offering 
fairly conclusive evidence that Ca++ was responsible for the ac- 
tivating effect previously reported. 

A relative comparison of the activity of various metal cations 
on the incorporation of C'*dGMP into DNA is presented in 
Table IV. In all experiments the chloride salts of the respective 
cations were added to incubation mixtures at optimal concen- 
trations which were previously determined by concentration 
curves. The optimal concentrations were 7.0 x 10-* m for 
Mg?tt, and 3.0 X 10-3 m for Mn++ and Ca++ as determined in 
reaction mixtures of type C. The relative activity of the cations 
was compared on the basis of the maximal stimulation attained 
by Mgt+ which was assigned an arbitrary value of 1.0. The 
results obtained in various experiments showed good agreement 
except for the variability noted when combinations of Mg** 
plus Mn++ plus Ca++ were used. In this case the values obtained 
ranged from no appreciable stimulation by Ca++ to a 50 per cent 
stimulation over that obtained in the presence of optimal con- 
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Fic. 5. The incorporation of C!4-dTMP into DNA as a function 
. of the concentration of nonradioactive deoxyribonucleotides. A. 
ested The effect of increasing concentrations of dAMP. B. The effect 
a of increasing concentrations of (CMP and optimal concentrations 
c of dAMP. C.-The effect of increasing concentrations of d@MP 
z Cc. and optimal concentrations of dAMP and dCMP. D. The effect 
s of increasing concentrations of 5M-dCMP and optimal concentra- 
"a tions of dAMP, dCMP, and dGMP. E. The effect of increasing 
O 125}; : concentrations of dTMP and optimal concentrations of dAMP, 
dCMP, dGMP, and 5M-dCMP. With the exception of the deoxy- 
uJ ribonucleotides the amounts of the remaining reactants contained 
- in a final volume of 1.6 ml. were similar to those given for reaction 
mixture ‘‘C.’”’ All reaction mixtures contained 11.0 umoles of 
= MgCl: and 4.0 umoles of CaCl: per 1.6 ml. In Experiment E ap- 
100 propriate dilutions of C'‘-dTMP were made with nonradioactive 
: ; : : dTMP and a dilution factor was applied in calculating the amount 
O 3 6 9 12 15 of radioactivity incorporated. In Experiments A to D, C'*-dTMP 


dGMP (MUMOLES PER ML) 


centrations of Mn++ and Mg++. The cause of this variation is 
not yet clear, although it appears to be related to the age of the 
“enzyme;” older preparations appearing to be activated to a 
greater extent. Such a variation was not observed with combi- 
nations of Mgt+ plus Mn++. Of the ion combinations listed 
above, that of Mg++ plus Mn++ appears to be most effective, 
with the exception of the at times higher but variable result ob- 
tained by a combination of Mgt+ plus Mn++ plus Catt. 
Stansly (34) has recently described two DNA-degrading en- 


was present in a concentration of 1.0 mumoles per 1.6 ml. The 


incubation time was 1 hour at 37°. 


zymes in Ehrlich ascites tumors, one of which (Enzyme II) is 
specific in its requirements for cations, being activated by Mg*+ 
but not by Na+, Cat+, or Mn++, each of which inhibits its activ- 
ity. The inhibitory effect observed by cations similar to those 
studied in this investigation suggested the possibility that Ca++ 
and Mn++ may be acting to inhibit such enzymes in our prepara- 
tion, thereby eliminating extensive degradation of DNA during 
the incubation period. However, Enzyme II is inactivated by 
dialysis (dialysis is included in our isolation procedure) and 
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TABLE II 
Effect of order of addition of nonradioactive deozynucleotides on in- 
corporation of C'4-thymidylic acid into DNA 
The reaction mixtures were identical with reaction mixture C 
containing 11 wmoles of MgCl. and 4.8 wmoles of CaCls, but no 
MnCh, in a final volume of 1.6 ml. Incubation time was 1 hour at 


Additions 

of control 
dTMP + dCMP + 5M-dCMP..................... 110 
dTMP + dCMP + 5M-dCMP + dAMP........... 151 
dTMP + dCMP + 5M-dCMP + dGMP........... 145 
dTMP + dCMP + 5M-dCMP + dAMP + dGMP.... 191 
121 
dTMP + dAMP + dCMP + dGMP............... 176 
dTMP + dAMP + dCMP + dGMP + 5M-dCMP... 191 


TaBLeE III 
Identification of nuclear factor responsible for stimulation of 
incorporation of C'4-deoryribonucleotides into DNA 
The composition of the reaction mixtures is similar to that given 
for reaction mixture A. All reaction mixtures contained 11.0 
umoles of MgCl. per 1.6 ml. Incubation time was 1 hour at 37°. 


Total c.p.m. 
incorpo- 
Experiment Additions 
pressed as % 
of control 
Control None 100 
a Nuclear extract prepared with Catt 190 
Nuclear extract prepared with Cat* 200 
(boiled) 
Nuclear extract prepared with Ca** 90 
(dialyzed) 
Nuclear extract prepared without Ca 90 
2. Calcium chloride 0.002 m 450 
Calcium chloride 0.0025 m 500 
Calcium chloride 0.0030 m 420 


preliminary experiments have not disclosed its presence in either 
normal or regenerating rat liver.2, Nevertheless, from the results 
shown in Fig. 3A the possibility that Ca++ is acting to inhibit 
other DNases distinct from those described above can not be 
entirely overruled at this stage of the experimental work. 
Hurwitz (35) indicates that in the bacterial system studies by 
Lehman et al. (10) and Bessman eft al. (11), Mn++ cannot replace 
the Mg*t* requirement for the incorporation of DNA-precursors 
into DNA or the polymerization step involved in the biosynthesis 
of DNA. If the enzyme being investigated in this work has the 
same requirements as the bacterial polymerase (10), Mn++ should 
not replace the need for Mg++. However, it is possible, that in 
our unpurified enzyme preparation the amount of Mg++ which 
is attached to the polymerase is sufficient to prevent the demon- 
stration of an absolute requirement for Mgt+, a circumstance 


2 P. G. Stansly, personal communication. 
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TABLE IV 


Comparison of effect of various cations on 
tncorporation of C'4-dGMP into DNA* 


Cationst Relative incorporation} 
moles/l. 108 

Mg*t 7.0 1.0 
Mg** 7.0 

plus Ca** 3.0 
Mn** 3.0 3.3 
3.0 

plus Cat* 3.0 
3.0 4.6 

plus Mg*t 7.0 
Mn*+ 3.0 

plus Mg*tt 7.0 4.6-6.7 

plus Catt 3.0 


* Reaction mixture C was used to which increasing concentra- 
tions of the cations were added. 

Tt No incorporation occurred in the presence of Cat? alone. 

t Values are expressed as multiples of the incorporation ob- 
tained in the presence of Mg** alone. 


which would permit only a stimulating effect of Mg++ to be dis- 
closed at optimal concentrations of Mn++. Other possible sites 
of action for these divalent metal cations may be the conversion 
of deoxyribonucleoside monophosphates to their corresponding 


precursors for the synthesis of DNA, the inhibition of phospha- 


tases, and the mediation of reactions between DNA and other 
cellular components. Thus, at the present time it is difficult to 
assign an exact function to each of the above metal cations in 
the over-all process of the biosynthesis of DNA in crude cell 
extracts. Further experimentation is required to localize the 
sites of action of these cations. The optimal concentrations 
found for a given metal cation most probably represent an aver- 
age optimum for the various reactions occurring in the system 
under the prescribed experimental conditions. The optimal 
concentrations required by the purified fraction of this enzyme 
preparation may very well prove to be different. Nevertheless, 
our results suggest that a delicate balance and interplay of cer- 
tain metal cations may be involved in controlling this critical 
biosynthetic process by regulating certain key reactions either 
as activators or inhibitors. 


SUMMARY 


A study has been made of enzymes found in the high speed 
supernatant fraction of regenerating rat liver which are involved 
in the biosynthesis of deoxyribonucleic acid (DNA). This crude 
cellular fraction contains enzymes which catalyze the phospho- 
rylation of the monophosphates of deoxyadenosine, deoxycyti- 
dine, deoxyguanosine, 5-methyldeoxycytidine, and thymidine to 
the corresponding di- and triphosphates, as well as enzymes 
which catalyze the incorporation of deoxyribonucleotides into 
DNA. 

The enzymatic reactions involved in the over-all process of 
incorporation of deoxyribonucleotides into DNA are dependent 
upon a source of high energy phosphate, upon the addition of 
rat liver DNA, and of either Mg++ or Mn++. The degree of 
incorporation obtained is also affected by the addition of Ca**. 
Optimal concentrations of these reactants and experimental 
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conditions favoring a maximal rate of incorporation have been 
determined. 


The incorporation of a given deoxyribonucleotide can be stim- 
ulated by the addition of other deoxyribonucleotides. 


The in- 


corporation of radioactive thymidylic acid into DNA is enhanced 
to a greater extent by the addition of deoxyadenylic acid at op- 
timal concentrations than by any of the other deoxyribonucleo- 
tides tested. However, superoptimal concentrations of either 


2. 


or 
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deoxyadenylic acid or 5-methyldeoxycytidylic acid, nullified the 
stimulatory effect which these compounds produced when added 
in optimal concentrations. 


Cat* acts synergistically with Mg** to increase the incorpora- 


tion of deoxyribonucleotides into DNA, but has little effect on 


the action of Mn*+ in this respect. 


Mn** alone permits incor- 


poration to occur to about the same degree as Mg++ plus Ca*+. 
Mg*+ added to Mn++ provides additional stimulation. 
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Sonic extracts of Clostridium sticklandii contain an enzyme 
that hydrolyzes p-nitrophenyl phosphate to yield equivalent 
amounts of p-nitrophenol and orthophosphate. <A large number 
of common phosphate esters is not decomposed. The most 
striking property of the bacterial enzyme is its dependence on 
both menadione (2-methyl-1,4-napthoquinone or vitamin Ks) 
and sulfhydryl compounds for activity. This is of particular 
interest because the soluble glycine reductase system of this 
organism which forms ATP concomitant with glycine reduction 
(1, 2) is markedly sensitive to menadione and related 1 ,4- 
naphthoquinones (3). Some of the properties of the hydrolase 
are described in the present communication and its possible 
relationship to electron transport phosphorylation at the quinone 
level is discussed. 


EXPERIMENTAL 


Disodium p-nitrophenyl phosphate was purchased from the 
Sigma Chemical Company and from the California Foundation 
for Biochemical Research. Potassium phosphoramidate and 
menadiol (2-methyl-1 ,4-naphthohydroquinone) diphosphate were 
gifts from Dr. T. Rosenberg, Gentofte, Denmark, and Dr. 
S. Tatsuoka, Takeda Pharmaceutical Company, Osaka, Japan, 
respectively. Carbamyl phosphate was synthesized by Dr. J. 
Rabinowitz and acetyl phosphate, by Dr. E. R. Stadtman. 
Nucleotide phosphates were purchased from the Pabst Brewing 
Company and from the Sigma Chemical Company. Other 
phosphate esters were obtained commercially. 

Sonic extracts of freshly harvested cells of C. sticklandii, 
prepared as described previously (4), were employed as the en- 
zyme source. Purified alkaline phosphatase of calf intestine 
was a gift from Dr. Leon A. Heppel. The extent of hydrolysis 
of p-nitrophenyl phosphate was determined by spectrophoto- 
metric estimation of the p-nitrophenol released (5) or by meas- 
urement of liberated orthophosphate by the Fiske-SubbaRow 
method (6). Phosphoramidate and other acid-labile phosphate 
esters were estimated by a modification of the Lowry-Lopez 
procedure (7). One-half the specified amount of molybdate 
reagent was employed and color development was allowed 
to occur at 0° in order to minimize hydrolysis of the residual 
ester. The CuSQ, in the reagent allows accurate measurement 
of orthophosphate in samples containing mercaptans. 

Freshly prepared solutions of the various quinones in absolute 
ethanol were added in amounts up to 0.01 ml. per 0.5 ml. of 
reaction mixture. Similar amounts of ethanol alone had no 
effect on the reactions studied. Reactions were terminated by 
the addition of perchloric acid to 3 per cent (volume for volume) 
at O°. The protein-free supernatant solutions obtained by 


centrifugation were then assayed for products. When acid- 
labile phosphate esters were employed as substrates, deproteini- 
zation was accomplished at 0° by the addition of 0.5 ml. of sat- 
urated (N pH 4.2. 


RESULTS 


Enzyme Preparation—Sonic extracts of sticklandii, ad- 
justed to pH 8.1 with 1 m Tris,! were diluted with cold water 
until the protein and buffer concentrations were 15 to 20 mg. 
per ml. and approximately 0.02 M, respectively. A 2 per cent 
protamine sulfate solution was added until the 280:260 mz 
absorption ratio of the supernatant solution reached 0.9. This 
usually required 90 mg. of protamine sulfate per gm. of bacterial 
protein. The enzyme activity is in the supernatant fluid and 
the precipitate was discarded. The addition of solid ammonium 
sulfate to 0.60 saturation results in quantitative precipitation of 
the phosphatase. Part of the enzyme activity, less than 30 
per cent, in this fraction, however, is associated with particles 
and is sedimented by centrifugation at 104,000 x g for 4 hours. 
This particulate material was removed routinely by first making, 
through 0 to 0.30 saturation with (NH,).SO,, an enzyme frac- 
tion which was discarded. The protein that precipitated during 
0.30 to 0.60 saturation with (NH4)2SO, contains about 50 per 
cent of the initial enzyme activity (Table 1), and this soluble 
preparation was found to be more suitable for further experi- 
ments. 

Treatment of this material with 0.1 N formic acid to pH 5.0 
vielded a protein precipitate which then was dissolved in buffer 
and reprecipitated with (NH4)2SO, at pH 6.0. At each step 
the protein precipitates were dissolved in 0.05 m Tris buffer, 
pH 8.1. Although only a 3-fold purification of the enzyme was 
achieved by the above procedure, the dependency on menadione 
was greatly increased (Table 1). The phosphatase activity of 
the crude extract was increased only 2-fold by the addition 
of menadione in saturating levels, whereas the activity of the 
final ammonium sulfate fraction was increased 24-fold by the 
quinone. 

A number of other standard protein fractionation procedures, 
including various solvent fractionation methods, were tried, but 
the extent of purification of the phosphatase was small in every 
case. 

Adsorption on and elution from calcium phosphate gel resulted 
in a 2-fold purification, but when this treatment either preceded 
or followed the pH adjustment step, the extent of purification 


1 The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; BAL, 2,3-dimercaptopropanol; DEAE-cellulose, di- 
ethylaminoethy! cellulose. 
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TABLE I 


Effect of purification steps on resolution of 
phosphatase for menadione 


Specific activity* 
Activation 
Fract Prot 
raction rotein by menadione 
menadione menadione 
meg. % 
Crude extract........... 359 0.076 0.16 110 
0.30-0.60 saturation 
(NH 169 0.035 0.15 330 
pH 5.0 precipitate....... 67 0.03 0.29 870 
0-0.23 saturation (NH4)o- 
SO, (pH 6.0).......... 34 0.018 0.44 2350 


* expressed as umoles of p-nitrophenol liberated per hour per 
mg. of protein (units per mg. of protein). 


was not additive. Chromatography on DEAE-cellulose columns 
vielded protein fractions in which the enzyme was estimated to 
be purified about 15-fold. However, efficient eluents such as 
potassium phosphate, potassium pyrophosphate, or concentrated 
Tris buffers were all inhibitory in the subsequent assay for enzyme 
activity. Removal of these substances by such techniques as 
precipitation with (NH,)oSO,, or acid, or dialysis followed by 
lyophylization yielded final preparations showing little improve- 
ment in specific activity. Extracts prepared by grinding dried 
cells of C. sticklandit with alumina were also tested but did not 
appear to be superior for purification of the phosphatase. 
Enzyme Assay—The reaction mixture components used for 
routine measurement of enzyme activity on p-nitropheny! 
phosphate were Tris buffer, pH 7.9, 20 wmoles; sodium p-nitro- 
phenyl phosphate, 20 uwmoles; BAL, 4 to 6 umoles; AMP, 10 
umoles; menadione, 0.5 umole; and enzyme, 0.1 to 0.5 unit, in 
a 0.5-ml. final volume. The samples were incubated at 31° 
for 30 minutes in 10 X 75-mm. stoppered test tubes containing 


TABLE II 


Reaction mixture components for p-nitrophenyl phosphate 
and phosphoramidate hydrolysis 

The complete system contained Tris buffer, pH 7.9, 20 umoles; 
p-nitrophenyl phosphate, 20 uwmoles, or potassium phosphorami- 
date, 5 umoles; BAL, 3.8 umoles; menadione, 0.5 pmole in 0.005 
ml. of absolute ethanol; and enzyme, 4.1 mg., in 0.5 ml. volumes. 
The samples containing p-nitrophenyl phosphate were incubated 
for 30 minutes and those containing phosphoramidate, for 10 min- 
utes. 


p-Nitropheny! phosphate Phosphoramidate 
Nitrophenol | Orthophosphate} Orthophosphate 
liberated liberated liberated 
pmoles/hr. pmoles/hr. pmoles/hr. 
2.36 2.48 4.62* 
—Menadione in eth- 
—Menadione.......... 0.44 0.68 
Heated enzyme......... 0 0 0 


*In a similar experiment carried out at pH 6.6 in dimethyl 
glutarate buffer, menadione inhibited to the same extent; the 
rate of phosphoramidate hydrolysis is decreased about 30 per 
cent at pH 6.6. The optimal pH with this substrate is 8.0 to 8.5. 
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helium or hydrogen as the gas phase. The reaction was termi- 
nated and p-nitrophenol or orthophosphate liberation estimated 
as described in “Experimental.”’ A unit of enzyme is defined 
as that amount which catalyzes the hydrolysis of 1 umole of 
p-nitropheny! phosphate in 1 hour at 31°. 

Distribution of Enzyme—Sonic extracts of Clostridium k!uyveri 
and Clostridium sporogenes exhibited no detectable activity on 
p-nitrophenyl phosphate in the assay system described above. 
Crude extracts of Clostridium propionicum and an unidentified 
Clostridium that ferments y-aminobutyrate? contained only about 
10 per cent as much enzyme as C. sticklandii. The purified 
alkaline phosphatase of calf intestine is completely inactive with 
p-nitrophenyl phosphate under the conditions of assay, 7.e. 
in the presence of BAL. 

Substrate Specificity—The following phosphate esters, tested 
at 0.02 m final concentration in the standard assay mixture, 
were not hydrolyzed: 6-glycerol phosphate, glucose 1-phos- 
phate, fructose 1 ,6-diphosphate, menadiol diphosphate, pyridoxal 
phosphate, O-phosphoethanolamine, o-carboxy pheny! phosphate, 
creatine phosphate, pyrophosphate, ATP, ADP, and mono- 
nucleotide phosphates such as AMP, CMP, GMP, IMP, or 
UMP. Carbamy! phosphate, acetyl phosphate, and phospho- 
enolpyruvate appeared to be hydrolyzed to a slight extent by 
the enzyme preparation. Inorganic pyrophosphate and ATP 
hydrolysis was observed with a number of enzyme preparations 
when Mg*+ was added to the assay mixtures. The enzymic 
hydrolysis of these two phosphate esters was absolutely depend- 
ent on both a mercaptan and Mg*+; no menadione effect was 
observed and Versene (the disodium salt of ethylenediamine 
tetraacetic acid) at 5 xX 10°-% Mm inhibited completely. The 
distinctly different requirements for activity upon these sub- 
strates indicate that another enzyme was responsible. 

Phosphoramidate proved to be actively decomposed by prep- 
arations of the p-nitrophenyl phosphatase, but with this sub- 
strate no menadione requirement was observed (Table II). 
In fact, menadione inhibits, slightly, the enzymic hydrolysis 
of phosphoramidate. There was no effect of addition of Mg++ 
(1 xX mM) or Versene (1 xX M) on phosphoramidate 
hydrolysis. It would appear that this reaction is catalyzed by 
still another enzyme in the C. sticklandii extracts. The ratio 
of activity of various enzyme preparations on phosphoramidate 
to that on p-nitrophenyl phosphate was found to vary from 2 to 
10 at pH 7.9. However, with a given preparation the over-all 
purification achieved has been so low that a clear-cut separation 
of activities has not been observed. 

Stoichiometry—Enzymic hydrolysis of p-nitropheny! phosphate, 
as shown in Table II, gives rise to equimolar amounts of p-nitro- 
phenol and orthophosphate. Thus water serves as the sole 
ultimate phosphate acceptor, and there is no evidence of ap- 


2 Extracts kindly supplied by Dr. H. Goldfine and J. Hardman, 
respectively. 

3 A discrepancy in yields of p-nitrophenol and orthophosphate 
was observed in reaction mixtures that were frozen at pH 7.9 and 
then analyzed later. This was found to be due to a nonenzymic 
decomposition of p-nitrophenyl phosphate that occurred in the 
concentrated solutions during freezing and thawing. The amount 
of phosphate liberated was considerably greater than the p-nitro- 
phenol formed, particularly in samples lacking AMP. Added 
p-nitrophenol itself was completely stable under these conditions. 
Erratic results due to the nonenzymic reaction were eliminated 
by addition of perchloric acid before storage of samples at —18° 
in those instances when analyses could not be performed at the 
end of incubation. 


638 


preciable transfer to alcohols such as ethanol or BAL which 
are present at about 0.2 m and 0.01 M final concentrations, 
respectively. 

Activators—The data in Table II demonstrate that the hy- 
drolysis of p-nitrophenyl phosphate is completely dependent 
upon the addition of a mercaptan. When BAL is employed, the 
system is saturated at about 0.02 m —SH. On an equivalent 
basis, 1 ,3-dimercaptopropanol and cysteine are just as effective. 
Mercaptoethanol is about 60 per cent as effective, 6,8-dimer- 
captooctanoate somewhat less, and thioglycollate is only 10 to 
20 per cent as active as BAL. Ascorbic acid, hydrosulfite, fer- 
rous iron, borohydride, and DPNH can not replace the mer- 
captans. 

With the enzyme preparation employed for the experiments 
in Table II the addition of 0.5 wmole of menadione caused the 
hydrolysis of an additional 1.8 uwmoles of p-nitrophenyl phos- 
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p-NITROPHENOL LIBERATED, moles/hr. 
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Fic. 1. The activation of p-nitrophenyl phosphate hydrolysis 
by AMP. The p-nitrophenyl phosphate concentration also was 
varied; 0.02 m, Curve 1; 0.04 m, Curve 2; 0.10 Mm, Curve 3. 
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Fic. 2. Time course of the reaction. Curve 1 illustrates the 


reaction in the complete system; for Curve 2, AMP was omitted; 
and for Curve 3, both menadione and AMP were omitted. 


Enzymic Hydrolysis of p-Nitrophenyl Phosphate 


phate. Hence the quinone functions catalytically. In fact, 
the saturation level for menadione is lower, about 2 X 10-4 y, 
and a definite response is observed with 0.02 umole or 4 x 10-5 
M. An amount of absolute ethanol equal to that added as sol- 
vent for the menadione was without effect on the reaction. The 
enzyme is also activated by AMP as illustrated in Figs. 1 and 2. 
The optimal level appears to be about 0.02 m AMP; higher 
concentrations cause some inhibition. ADP activated the sys- 
tem in a comparable fashion and with some preparations ap- 
peared slightly superior to AMP. However, ATP, adenosine, 
and DPN were completely inert. Other purine and pyrimidine 
mononucleotides including IMP, CMP, GMP, and UMP failed 
to replace AMP. A preparation of 3’-AMP exhibited slight 
activity. The AMP effect does not appear to bear any simple 
relationship to concentration of the substrate (Fig. 1). It may 
be concerned solely with the physical state of the protein, since 
it was observed repeatedly that incubation mixtures containing 
AMP remained clear whereas those from which the nucleotide 
was omitted became slightly turbid. | 

Effect of Incubation Time—The hydrolysis of p-nitropheny] 
phosphate in the complete system is linear with time for periods 
up to 45 minutes (Fig. 2) or even longer if low levels of enzyme 
areemployed. At high enzyme concentrations, the rate decreased 
rapidly with time because the orthophosphate that is liberated 
is an inhibitor of the reaction. In such instances proportionally 
shorter incubation periods are employed. 

Effect of Substrate Concentration—The rate of p-nitropheny] 
phosphate hydrolysis increases with increasing substrate con- 
centration over a wide range (Fig. 1). The A, at pH 7.9, as 
determined by Lineweaver-Burk plots, is 5.0 xX 10° m. A 
much lower concentration of the normal substrate may suffice 
to saturate the enzyme. 

Effect of pH—The enzymic hydrolysis of p-nitropheny] phos- 
phate was studied as a function of pH, both in the presence 
and in the absence of menadione (Fig. 3). The pH optimum 
shifts from about 6.5 to about 7.0 when menadione is added to 
the system. The effect of menadione on the rate of dephos- 
phorylation is more pronounced at alkaline pH. 

P® Exchange Experiments—No incorporation of P*-labeled 
orthophosphate into ATP, ADP, or p-nitrophenyl phosphate 
has been observed with either crude or partially purified phos- 
phatase preparations. Menadione-dependent enzyme _ prepara- 
tions did not catalyze any detectable exchange of orthophos- 
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p-NITROPHENOL LIBERATED, moles /hr. 


95 85 7.5 6.5 5.5 4.5 3.5 
pH 


Fig. 3. The effect of pH on p-nitrophenyl! phosphate hydrolysis. 
Tris-HCl] buffers (0.04 m) were employed above pH 7.5. Below 
pH 7.5, potassium dimethylglutarate buffers (0.04 m) were used. 
The upper curve, @——®@, was obtained with samples containing 
10-3 m menadione; for the lower curve, O——O, no mena- 
dione was added. 
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phate when tested in the absence of added quinone or when 
supplemented with menadione, phthiocol, lapachol or vitamin K,. 
Experiments designed to detect an exchange of p-nitrophenol 
and p-nitrophenyl phosphate have not been carried out. 

Inhibitors—The menadione-activated phosphatase appears to 
be a sulfhydryl protein, since treatment of the enzyme with 
jodoacetate results in inhibition of activity. Preincubation at 
0° for 15 minutes with 10°? m iodoacetate caused 55 per cent 
inhibition; similarly 5 « 10-% Mm iodoacetate caused 31 per cent 
inhibition. Fluoride, 2 x 10-? M, inhibits p-nitropheny! phos- 
phate hydrolysis 80 to 90 per cent. However, Versene (1 X 
10-2 m) and hydroxylamine (1 Xx 10-2 M) are without effect. 
a,a’-Dipyridyl and 1 ,10-phenanthroline at 2 * 10-3 M concentra- 
tions are slightly inhibitory. There is no effect of added Mg++ 
at 10-2? m and Fet+ inhibits the reaction. 

The products of the reaction, orthophosphate and p-nitro- 
phenol, are inhibitors of the enzyme; p-nitropheny! phosphate 
cleavage is also inhibited by arsenate and inorganic pyrophos- 
phate. Triethanolamine and imadazole buffers are not suitable 
since they inhibited appreciably at 0.02 and 0.04 m levels. The 
phosphatase is readily inactivated by heat; 5 minutes at 59° 
destroys about 80 per cent of the enzyme activity. No protec- 
tion was observed in the presence of added substrate or with 
AMP. 

Effect of Other Quinones—Menadione can be replaced by cer- 
tain closely related 1,4-napthoquinones as shown in Table III. 
A few naturally occurring 1 ,4-naphthoquinones with both posi- 
tions of the quinoid ring substituted were tested and found to 
be relatively ineffective as activators. These compounds possess 
amethyl group at one position and at the other a hydroxy! group 
(phthiocol) or an isoprenoid side chain (lapachol) or phytyl 
chain (vitamin K,). If, however, a thioether substituent is 
introduced at the free position of the quinoid ring of menadione 
according to Reaction 1 below (8), the activity of the quinone 
is not at all impaired. For example, S-(2-methyl-1 ,4-naphtho- 
quinoyl-3) thioacetic acid (m.p. 159°) prepared according to 
the method of Fieser and Turner (8), 

O OH 


A” 


| 4+ RSH 
| CH; | CH; 
O OH 
/ loxidation] (1) 
O 


was equally as effective as menadione on a molar basis. How- 
ever, these thioethers are not stable and in the presence of an 
excess of another mercaptan, exchange occurs. This has been 
demonstrated by chromatographic analysis‘ of solutions of 


‘The solvent system consisted of amyl! alcohol, pyridine, and 
Water (3:2:1.5) as described by Lederer and Lederer (9). 
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TABLE III 


Comparison of various 1,4-naphthoquinones as activators for 
p-nitrophenyl phosphate cleavage 


p-Nitrophenyl 
M pmoles/hr. 
Experiment 1* 
Menadione.............. 4X 10-4 1.59 100 
1,4-Naphthoquinone....| 4 X 10-4 1.35 80 
Experiment 
0 1.18 
Menadione.............. 1 xX 10°? 2.58 100 
Menadione.............. 2X 10-3 2.60 100 
1 X 10-3 2.58 100 
5 X 10-4 1.50 22 
1 xX 10-3 1.64 33 
experiment 3 
Menadione.............. 5 X 10-4 0.24 100 


* No activation was observed with a-naphthol, 8-naphthol or 
a-tocopherol phosphate, all at 4 X 10-4 M, or menadiol diphos- 
phate, 1 1073 

Experiments | and 3 were carried out at pH 7.9; Experiment 
2 at pH 6.6. 

t As estimated by orthophosphate liberation. 


TABLE IV 
Effect of Dicumarol on the menadione-dependent phosphatase 
Orthophos- 
M pmoles/hr. 
1 
Dicumarol........ 5 X 10-4 0.45 38 
Dicumarol... .... 1 X 1073 0.45 38 
Menadione........ 1 X 10-3 0.684 100 
Menadione + Di- 
cumarol......... 1 X 10°; 5 10-4 0.622 84 
Menadione + Di- 
cumarol......... 1 X 10-7; 1 X 0.608 8O 
Experiment 2 
Dicumarol........ 5 X 1074 0.145 40 
Dicumarol........ 1 X 10-3 0.116 24 
Menadione........ 1 X 10-3 0.253 100 
Menadione + 
Dicumarol...... 1 X 5 XK 10-4 0.159 48 
Menadione 
Dicumarol...... 1X 10°37; 1 X 10°? 0.130 32 


S-(2-methyl 1,4-naphthoquinoyl-3) thioacetic acid incubated 
with BAL, with mercaptoethanol, and with cysteine. In each 
instance the thioether of the neutral mercaptan (Rr, approxi- 
mately 0.95) was readily demonstrable and the thioacetic acid 
derivative (Rr, 0.5) had decreased in amount proportionally. 
The thioether of menadione is immediately reduced to the 


| 
| 
| SR 
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colorless hydroquinone in the phosphatase reaction mixtures 
upon the addition of either BAL, hydrosulfite, or potassium 
borohydride. However, the latter two reducing agents do not 
substitute for the mercaptan even when menadione is added as 
its thioether. 

If free menadione is added to the enzyme reaction mixtures, 
the thioether is formed rapidly upon the addition of a suitable 
mercaptan, and during the anaerobic incubations the thioether 
is maintained in the hydroquinone form. Hence it is likely that 
the reactive form of menadione is its thioether hydroquinone. 
Similar thioether derivatives of quinones like phthiocol and 
lapachol can not form, and this may explain the poor activity 
of these compounds. 

Dicumarol partially replaces menadione as an activator of 
the phosphatase, but when added together with the latter it 
behaves as a competitive inhibitor (Table IV). 

The diphosphate of menadiol does not stimulate the decom- 
position of p-nitrophenyl phosphate. The monophosphate 
derivative of menadiol (10) has not been studied. 


DISCUSSION 


The activation of a phosphatase by a reducing agent, par- 
ticularly a mercaptan, is not unusual, but the additional re- 
quirement for a quinone such as menadione is extraordinary. A 
consideration of these requirements together with substrate 
specificity studies make it certain that the hydrolysis of p-nitro- 
phenyl phosphate by enzyme preparations of C.. sticklandii 
is not effected by a nonspecific phosphomonoesterase (11-14). 
As yet the natural substrate of the enzyme is unknown. An 
intriguing possibility is that it might be a phosphate ester of a 
quinone derivative which, instead of undergoing hydrolysis, 
normally takes part in a transfer reaction to yield ATP. Some 
support for this suggestion comes from experiments showing 
that ATP synthesis by the glycine reductase system of C. stick- 
landii is inhibited by menadione and related quinones that acti- 
vate the hydrolysis of p-nitrophenyl phosphate (15). The 
quinones that are poor activators of the phosphatase are like- 
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wise poor inhibitors of the synthesis of ATP. These inverse 
effects on the two reactions are exerted by comparable levels 
of the various quinones. In contrast, the proline reductase 
system of C. sticklandii, which does not form ATP, is insensitive 
to menadione. 

The effect of menadione on glycine reduction is not one of 
simple “uncoupling” of a phosphate esterification process, since 
acetate formation is inhibited to a comparable degree. If a 
quinone is an obligatory electron carrier then this result would 
imply merely that no bypass mechanism operates and menadione 
inhibits the normal electron transfer process. This is to be 
contrasted to the effect of arsenate (2); the reduction of glycine 
to acetate and ammonia is not affected when arsenate replaces 
orthophosphate and the adenine nucleotide acceptor. 

Other lines of evidence including effects of antimycin A, ir- 
radiation, and solvent extraction all serve to implicate a quinone 
as a normal mediator in the reduction of glycine (15). Such 
effects are comparable, superficially at least, to those reported by 
investigators on the mechanism of oxidative phosphorylation by 
preparations of animal mitochondria (16-18). It has been de- 
duced from such observations that there is phosphate esterifica- 
tion coupled with an oxidation-reduction reaction at the quinone 
level. When unnatural quinones such as menadione are added 
to the system, the normal phosphorylation reactions are in. 
hibited. Since these simple quinones can form thioether deriva. 
tives with mercaptans and are known to react with protein sulf- 
hydryl groups also, it is possible that such derivatives then 
become hydrolases. The phosphatase described in the present 
communication may be a case in point. 


SUMMARY 


The preparation and properties of a substrate-specific phos- 
phatase that is activated by 2-methyl-1,4-naphthoquinone are 
described. The possible relationships of this phosphatase to 
electron transport phosphorylation at the quinone level are 
discussed. 
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The biosynthesis of riboflavin has been linked to that of the 
purines as a result of numerous studies in several different labora- 
tories (2-13), where the basic substances which serve as pre- 
cursors for the carbon atoms of rings B and C of riboflavin have 
been identified. 
serves in the biogenesis of riboflavin through the contribution 
of an intact pyrimidine ring, there is still nothing known of the 
mechanism by which the component parts of the riboflavin 
molecule are synthesized or what the immediate precursors may 
be. 

Attempts were, therefore, begun in this laboratory to study 
riboflavin synthesis in extracts of the mold, Ashbya gossypii, by 
investigating the possibility of incorporating the carbon atom 
of formate-C™ into riboflavin. Paper chromatograms of these 
extracts regularly showed the presence of fluorescent materials 
not identifiable with riboflavin, riboflavin 5’-phosphate, or flavin 
adenine dinucleotide. When formate-C" was added to cultures 
of the mold actively synthesizing riboflavin, significant radio- 
activity was found in two of these unidentified bands. _ Isola- 
tion of the material exhibiting a green fluorescence was under- 
taken. Masuda (14, 15) meanwhile reported the isolation and 
probable identification of what appeared to be the same com- 
pound from cultures of the related mold, Eremothecitum ashbyii. 
This report summarizes the isolation and crystallization of the 
green fluorescent substance from extracts of the mold A. gossypii, 
and its identification as 6,7-dimethyl-8-ribityllumazine by 
chemical synthesis. Evidence will be presented which suggests 
that this compound may be an intermediate in riboflavin bio- 
genesis. 

EXPERIMENTAL 


Methods—The strain of A. gossypii used in this investigation 
was obtained from Dr. James Van Lanen of Hiram Walker and 
Sons, Inc., Peoria, Illinois, and was designated AG-33. The 
mold was carried on enriched agar slants and was transferred 
at least twice weekly. The basal growth medium contained 


* These studies were supported in part by funds from the 
National Vitamin Foundation, Inc., and the National Heart In- 
stitute, National Institutes of Health, United States Public 
Health Service (Grant No. H-2006C). A preliminary report was 
presented before the American Society of Biological Chemists (1). 

+t Postdoctoral Fellow of the American Heart Association. 
Present address: New York State Department of Health, Albany, 
New York. 

t This work was carried out in part during the tenure of an Es- 
tablished Investigatorship of the American Heart Association. 
Present address: University of Utah. 
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Although McNutt (13) concluded that adenine 


4.0 per cent glucose, 0.5 per cent peptone, and 0.5 per cent 
veast extract. Cultures were grown in 500-ml. shake flasks 
containing 100 ml. of medium at 25°. In general, riboflavin 
synthesis approached 100 ug. per ml. after 48 hours. Labeled 
compounds were usually added during the period of most active 
riboflavin synthesis (48 to 72 hours after inoculation). 

HC"OONa, glycine-1 ,2-C™, pi-serine-3-C™ and adenine-8-C™ 
were products of Volk Radiochemical Company. Randomly 
labeled C'-adenine was purchased from Schwarz Laboratories, 
Inc., and totally labeled tL-serine-C™ from Tracerlab, Ine. 
Counts of radioactivity were made with an end window counter 
and are corrected for background. The error in plating and 
counting was 10 per cent or less. 

The anion exchange resin Dowex 1-X8 (AG 1-X8), 200 to 400 
mesh, purchased from the California Foundation for Biochemical 
Research, was converted to the formate or the hydroxyl form 
by the usual procedures. Florisil, 60 to 100 mesh, is a product 
of the Floridin Company. 

Microanalyses for carbon, hydrogen, and nitrogen were 
performed by Schwarzkopf Microanalytical Laboratories, 
Woodside 77, New York. Riboflavin was determined fluoro- 
metrically (8) or by measurement of light absorption at 450 my; 
molar absorbancy index,! ay, 12.2 « 10%. In either case a control 
sample containing sodium hydrosulfite was included to correct 
for possible fluorescence or light absorption of components other 
than riboflavin. 6,7-Dimethyl]-8-ribityllumazine was estimated 
by measurement of light absorption at 410 my in acid solution, 
molar absorbancy index, ay, 10.3 « 10%. 

Ascending paper chromatography was carried out on rec- 
tangular sheets of Whatman No. 3MM filter paper for 16 to 
18 hours. The fluorescent spots were detected with the reflected 
light from a Mineralight, Model SL-2537, ultraviolet lamp. The 
solvent systems are described in the text and tables. In view 
of the photosensitivity of the compounds studied, all procedures 
were carried out in the dark or in dim light. 


Isolation of 6 ,7-Dimethyl-S-ribityllumazine 


1. Extraction—Approximately 500 gm. of mycelium containing 
Celite were soaked in 500 ml. of 95 per cent ethanol either over- 
night at 0-4° or for 8 hours at room temperature with occasional 
stirring. After filtration, the residue was again treated with 


1 The abbreviation used is: ay, molar absorbancy index = (ab- 
sorbancy) (molecular weight)/grams per liter. 

2 We are grateful to Dr. J. M. Van Lanen of Hiram Walker and 
Sons, Inc., Peoria, Illinois, for the generous supply of cell paste 
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AL 
Fic. 1. Comparison of the spectra of the green fluorescent com- 


pound from A. gossypii and 6,7,8-trimethyllumazine. --, 0.046 
pmoles of natural compound per ml. of 0.1 N H2SQOx,; ----- , 0.033 
pumoles 6,7,8-trimethyllumazine per ml. of 0.1 N H.SO,; , 0.046 
pmoles of natural compound per ml. of 0.1 N NaOH; ----- , 0.033 


pmoles 6,7,8-trimethyllumazine per ml. of 0.1 N NaOH. 


200 ml. of 95 per cent ethanol and the combined filtrates were 
concentrated in a vacuum to about 30 ml. Riboflavin crystal- 
lized at this stage and was removed by centrifugation. 

2. Adsorption on Florisii—On a Florisil column (2.6 X 30 em.) 
were placed 15 ml. of the concentrated extract. The column 
was washed with 200 ml. of 5 per cent acetic acid and the 6,7- 
dimethy]-8-ribityllumazine was eluted with 50 ml. of 3 per cent 
pyridine. The eluate, which contained a dark brown impurity, 
was concentrated in a vacuum to a volume approximating 5 ml. 

3. Extraction with Benzyl Alcohol—The above solution was 
shaken with one 100-ml. and two additional 50-ml. portions of 
benzyl alcohol, which extracted the 6,7-dimethy]-8-ribitylluma- 
zine, leaving the brown impurity. The compound was dis- 
placed back into aqueous solution by shaking the combined 
benzyl alcohol solutions with water in the presence of ether. The 
resulting aqueous phase was concentrated in a vacuum to about 
5 ml. 

4. Paper Chromatography—One ml. portions of the aqueous 
extract were streaked on Whatman No. 3MM paper (181 x 
223 inch) and developed overnight with butanol-ethanol-water 
solvent (50:15:35). When dry, the papers were examined 
under ultraviolet light and the green fluorescent product in the 
band corresponding to 6,7-dimethyl-8-ribityllumazine (R,, 
0.26) was eluted with water. The eluates were concentrated in 
a vacuum. The yield from 250 gm. of mycelium was about 20 
mg. 
5. Crystallization of 6,7-Dimethyl-S-ribityllumazine—Concen- 
trates of the product obtained in the previous step from about 
5 kg. of cell paste were combined and brought to dryness. 6,7- 
Dimethyl]-8-ribityllumazine crystallized as fine needles from 80 
per cent (by volume) ethanol in a yield of about 200 mg. The 
somewhat deliquescent compound was twice recrystallized from 
80 per cent ethanol with a final yield of 160 mg. 


Properties 


The compound is very soluble in water, soluble in n-butanol 
and benzyl alcohol, sparingly soluble in methanol and ethanol, 
and insoluble in ether and chloroform. It contains nitrogen 
but gives negative reactions for halide and phosphate. 


used in this isolation. Age of the cells was 136 hours. Significant 
amounts of the compound were found only in the mycelium of A. 


gossypii. 
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Ultraviolet Spectra—In water and 0.1 N acid Amax is at 256 
and 407 mu. In 0.1 N alkali Anax is at 279 and 315 mug, Fig. 1. 
Aqueous solutions of the compound lose their fluorescence when 
treated with sodium hydrosulfite but regain it on reoxidation 
with air. 

Photochemical Decomposition—About 100 ug. of 6,7-dimethyl- 
8-ribityllumazine in 0.2 ml. of water were illuminated for 5 
hours at 15-20° in a sealed tube (5 X 50mm.). Paper chromatog- 
raphy of the reaction mixture in butanol-ethanol-water (50:15: 
35) revealed the presence of two fluorescent products. One of 
these exhibited sky blue fluorescence and had an Ry (0.54) 
corresponding to that of authentic 6,7-dimethyllumazine; the 
other, Rr, 0.32, fluoresced green and may have been identical 
with 6,7 ,8-trimethyllumazine. 

Alkaline Degradation—A solution of 100 ug. of 6,7-dimethyl- 
8-ribityllumazine in | ml. of 0.1 N NaOH was heated at 100° for 
30 minutes. The reaction mixture was spotted on Whatman 
No. 83MM paper and developed overnight in butanol-ethanol- 
water (50:15:35) along with standards of urea and the original 
compound. On examination under ultraviolet light at least 
three unidentified fluorescent spots were observed on the paper 
in addition to a large amount of unchanged original compound. 
The component detected as a yellow spot when the chromatogram 
was sprayed with Ehrlich’s reagent (24) had an Ry, 0.50, corre- 
sponding to authentic urea. However, the yield of urea from 
6 ,7-dimethy]I-8-ribityllumazine was far less than that obtained 
from riboflavin and lumiflavin under identical conditions. 

Actiity with Lactobacillus casei Assay—6,7-Dimethy]-8- 
ribityllumazine was inactive in the assay for riboflavin with 
Lactobacillus casei (18) when tested at concentrations of 1 to 5 
ug. per 10 ml., or 10 to 50 times the requirement for riboflavin 
for optimal growth of this organism. Diacetyl added with 
6,7-dimethyl-8-ribityllumazine did not enhance its activity. 
The combined additions of 6,7-dimethyl-8-ribityllumazine with 
suboptimal quantities of riboflavin did not lead to a synergistic 
effect. 


Synthesis of 6 ,7-Dimethyl-8-ribityllumazine 


The properties of the green-fluorescent substance from A 
gossypi described above are in agreement with the published 
information on compound G isolated from FE. ashbyti (17). The 
ring structure proposed by Masuda for compound G is mainly 
based on the similarity of its absorption spectrum to that of 
6,7,8-trimethyllumazine. The absorption spectrum of the 
substance from A. gossypii is also reasonably similar to that of 
6,7 ,8-trimethyllumazine when tested in acid or neutral solution, 
with maxima at 256 my and 407 my, minimum at 310 my, and a 
shoulder at 274 my (Fig. 1, Curves 1 and 2). However, there 
is a marked divergence of the spectra of the two substances in 
alkaline solution. 6,7,8-Trimethyllumazine exhibits an end 
absorption starting at about 260 my, a shoulder at 268 mu, a 
very highly absorbent maximum at 312 my and a much lower 
broad peak with maximum at 365 my and minima at 278 mp 
and 334 mu. In the case of the green-fluorescent substance, the 
maxima shift to much shorter wave lengths with an end absorp- 
tion starting at about 258 my and absorption peaks at 279 my 
and 315 my; there is virtually no absorption at 407 my and 
minima are located at 258 mu and 294 my (Fig. 1, Curves 3 and 
4). 

It seemed unusual that such a considerable difference in 
absorption spectra could be attributed merely to the nature of 
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the substituent in position 8 of the 6,7-dimethyllumazine mole- 
cule. In similar situations, for example, in the case of the isoal- 
loxazines, 6,7 ,9-trimethylisoalloxazine and  6,7-dimethyl-9- 
ribitylisoalloxazine, no difference in absorption spectra has been 
observed owing to the same change of substituent groups in 
position 9. For these reasons it seemed advisable to prove the 
structure of the green-fluorescent substance by an unambiguous 
synthesis. 

The method of synthesis is outlined in Fig. 2 (I to V). 

4-Chloro-2 ,6-dihydroxrypyrimidine (1)—This compound was 
prepared from  4-chloro-2,6-dimethoxypyrimidine (Aldrich 
~ Chemical Company) by a modification of the method of Boon 
and Leigh (19). A suspension of 10 gm. of 4-chloro-2,6-di- 
methoxypyrimidine in a mixture of 30 ml. of 48 per cent hydro- 
bromie acid and 30 ml. of water was heated at 80° for 3 hours 
under reflux; 70 ml. of water were then added and the mixture 
was left at 5° overnight. The solid was collected on a fritted 
glass filter, held until as dry as possible, dried in a vacuum at 
60° for several hours and recrystallized from 210 ml. of water. 
The colorless crystals were dried in a vacuum at 60°; m.p., 301- 
302° (decomposes); yield, 5 gm.,? 59 per cent. The substance 
was found to be homogeneous by paper chromatography. 

Ribitylamine—A suspension of 24.8 gm. (0.15 moles) of ribose 
oxime (20) in 400 ml. of glacial acetic acid containing 750 mg. 
of platinum oxide was hydrogenated at room temperature and 
atmospheric pressure. The reaction was complete (about 20 
hours) when the solution was free of white solids.4 Platinum 
oxide was removed by filtration. The filtrate was concentrated 
in a vacuum to a syrup, water was added, and the drying was 
repeated. The syrup was taken up in 100 ml. of water and 
decolorized with Norit A. The resulting solution was passed 
through a column (25 cm. height by 3.5 cm. diameter) of Dowex 
1-X8 in the hydroxide form. Collection was begun when the 
effluent became alkaline. The column was washed with about 
120 ml. of water. The combined alkaline effluents were con- 
centrated in a vacuum to a syrup to remove ammonia. The 
final syrup was diluted with about 25 ml. of water and an aliquot 
was titrated: 0.12 mole of base, (80 per cent); m.p. of the hydro- 
chloride, 129° (21). 

4-Ribitylamino-2 ,6-dihydroxypyrimidine (I1)—A_ solution of 
2.13 gm. (14.6 mmoles) of 4-chloro-2 ,6-dihydroxypyrimidine in 
12 ml. of ribitylamine syrup containing 32.4 mmoles of the base 
was heated at 128° for 3 hours in a stainless steel bomb tube. 
When cool, the content of the bomb was diluted with 90 ml. of 
water, adjusted to pH 10.5 with concentrated ammonium hydrox- 
ide, and percolated through a column of Dowex 1-X8 formate 
(1.8 em. diameter by 15 cm. height). The effluent contained 
practically none of the product and was discarded. 4-Ribityl- 
amino-2 ,6-dihydroxypyrimidine was eluted from the anion 
exchanger with a solution of 0.1 M ammonium formate-am- 
monium hydroxide, pH 9.8. The progress of the elution was 
followed by measurement of light absorption at 267 mu. The 
eluate (approximately 300 ml.) was concentrated to dryness in 
a vacuum at 45°. The residue was treated with 75 ml. of boiling 
methanol, cooled, and filtered. The filtrate was concentrated 


>This procedure was finally adopted at Salt Lake City, Utah, 
at an altitude of 4900 feet above sea level, average boiling point 
of water, 95°. If desired, higher recoveries can be obtained by 


concentration of the mother liquor. 
‘We wish to thank Dr. Frank Maley for suggesting this method 
of hydrogenation to us. 


G. F. Maley and G. W. E. Plaut 


643 


9 
HCOH 6 
+ HCOH | 
HCOH 
CH50H H 4 
I HCOH 
HCOH 
HCOH 
CH,0H 
CH 
NH 3 CH 
2 5 4 O=C 2 8 
N~ NHR O Sw N CH; 
H 
R 
W 


Fic. 2. Synthesis of 6,7-dimethyl-8-ribityllumazine. R = 


ribityl. 


ABSORBANCY 


Fic. 3. Absorption spectrum of 4-ribitylamino-2,6-dihydroxy- 
pyrimidine (0.0238 wmoles per ml.). ——, 0.1 N H.SO, or 0.1 m 
phosphate, pH 6.7; ----- , 0.1 N NaOH. 


to dryness in a vacuum at 45°. The resulting residue was taken 
up in 80 per cent (by volume) boiling ethanol, and allowed to 
cool at 5°. The crystalline light tan compound was dried in a 
vacuum. Yield: 1.68 gm., 44 per cent. Absorption spectra 
in acid and alkaline solution are shown in Fig. 3. ay at 267 mu 
in 0.1 N HSO,, 2.35 x 104. The compound appeared homo- 
geneous when examined by paper chromatography (descending) 
in the solvent system saturated ammonium sulfate-H,O-isopro- 
panol (79:19:2). The analysis was as follows: 


CoHisN30¢ 
Calculated: C 41.4; H 5.9; N 16.1 
Found: C 41.3; H 6.2; N 15.6 


4-Ribitylamino-5-nitroso-2 ,6-dihydroxypyrimidine (IITI)—A 
solution of 4-ribitylamino-2,6-dihydroxypyrimidine (0.5 gm., 
1.92 mmoles) in 10 ml. of water was adjusted to pH 7 to 8 with 
a few drops of dilute KOH; 0.5 gm. of sodium nitrite was added. 
To the stirred solution 3.5 N acetic acid was added slowly; the 
pH reached 4.3 within about 30 minutes. The pink reaction 
mixture was lyophilized. The resulting powder was dissolved 
in 100 ml. of water containing 1 ml. of concentrated ammonium 
hydroxide (pH 10.6). The clear red solution was passed through 
a column of Dowex 1-X8 formate (1.2 em. diameter * 13 cm. 
height). The percolate was discarded, the column was washed 
with 50 ml. of water and then with 200 ml. of 0.01 m formic acid, 
whereupon 0.1 mM formic acid was placed on the column and the 
progress of the pink band was observed visually. Just before 
the emergence of the pink substance a yellow-green fluorescent 
band appeared. The pink substance was collected in a volume 
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of about 80 ml. This solution was carefully concentrated in a 
vacuum until the pink substance crystallized. The suspension 
was chilled and the pink crystals were dried in a vacuum at 40°. 
Yield: 446 mg., 71.5 per cent. The analysis was as follows: 


C,H 
Calculated: C 34.2; H 5.7; N 17.7 
Found: C 33.9; H 6.2; N 17.0 


Reduction of 4-ribitylamino-5-nitroso-2 ,6-dihydroxy pyrimidine 
(1V)—A suspension of 426 mg. (1.3 mmoles) of 4-ribitylamino- 
5-nitroso-2 ,6-dihydroxypyrimidine in 10 ml. of water was ad- 
justed to pH 5.8 by the addition of a few drops of 2 N KOH and 
heated on a boiling water bath. To the hot solution 0.85 gm. 
of sodium hydrosulfite was added with gentle stirring. The 
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\ 
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Fic. 4. Absorption spectra of natural and synthetic 6,7-di- 
methyl-8-ribityllumazine. Both samples, 0.046 wmoles per ml. 
——, synthetic compound in 0.1 N H.SOQ,; ----- , natural compound 
in 0.1 N H2SO,; ----, synthetic compound in 0.1 N NaOH; ----- c 
natural compound in 0.1 N NaOH. 


TABLE I 
Comparison of natural and synthetic 6 ,7-dimethyl-8-ribityllumazine 
by paper chromatography 
Spotted 5 cm. from the base of Whatman No. 3MM paper were 
5 wg. of each compound. Ascending chromatograms were al- 
lowed to run for 16 to 18 hours at room temperature in the dark. 
All values reported refer to Rp. 


6,7-Dimethyl-8- 
ribityllumazine 6,7-Dime- | 6,7,8-Tri- 
Solvent system* Riboflavin | thyllum- | methyl- 
azine lumazine 
Natural tic 
BuOQH-EtOH-H,O 0.26 | 0.26) 0.35 0.54 0.32 
50:15:35 
BuOQH-AcOH-H:2O 0.12 | 0.13 0.24 0.48 0.22 
4:1:5 
PrOH-NH;-H:2O 0.55 0.54 0.41 0.53 0.55 
6:3:1 
BuOH-pyridine-H2O 0.57 | 0.58 | 0.63 0.71 0.56 
4:3:7 
5% NaeHPO, 0.79 | 0.79 | 0.34 0.56 0.67 
t-BuOH-H.O 0.38 | 0.38 | 0.42 0.61 0.35 
60:40 
t-BuOH-pyridine-H2O 0.22 | 0.22 0.49 0.64 0.29 
60:15:25 
t-BuOQH-NH;-H.2O 0.54 | 0.54 0.38 0.49 0.57 
60:5:35 


* The following abbreviations are used in this table: BuOH, 
n-butanol; EtOH, ethanol; AcOH, acetic acid; PrOH, n-propanol; 
t-BuOH, tert-butanol. 


clear red solution, which turned pale yellow within one minute, 
was centrifuged while still hot to remove a faint precipitate, 
The 4-ribitylamino-5-amino-2,6-dihydroxypyrimidine (IV) 
formed was not isolated; the reaction mixture was used directly 
for the condensation reaction with 2,3-butadione. 

6 ,7-Dimethyl-8-ribityllumazine (V)—The acidity of 6 ml. of the 
reaction mixture from the preceding step was adjusted to pH 
4.4 with a few drops of 2 N HCl. This solution was heated to 
75-85° in the presence of 0.3 ml. of 2,3-butadione (3.4 mmoles) 
for 10 to 15 minutes. The highly colored, green fluorescent 
reaction mixture was diluted with water to about 40 ml. and 
shaken with several portions of benzyl alcohol. The aqueous 
phase was discarded; the benzyl alcohol layer (approximately 
400 ml.) was mixed with an equal volume of ether and shaken 
with several 25-ml. portions of water. The benzy! alcohol-ether 
layer was discarded and the aqueous solution was concentrated 
to dryness in a vacuum at 35°. The residue was taken up in 15 
ml. of hot 80 per cent (by volume) ethanol. The solution was 
filtered hot and left to crystallize at 5°. The yellow crystalline 
material was recrystallized from 80 per cent ethanol. Yield: 
103 mg., 41 per cent from 4-ribitylamino-5-nitroso-2 , 6-dihy- 
droxypyrimidine. 


Comparison of Natural and Synthetic 6 ,7-dimethyl- 
8-ribityllumazine 


1. Absorption Spectra—In Fig. 4 the absorption spectra of the 
natural and synthetic compounds in acid and alkali are given. 
Their close agreement points to their identity. The molar 
absorbancy index, ay, of the synthetic product at 410 may is 
approximately 10,300. 

2. Paper Chromatography—Table I gives a comparison of the 
Ry values of natural and synthetic 6,7-dimethyl-8-ribityl- 
lumazine in several different solvent systems. Again the close 
agreement in all systems indicates the identity of the two com- 
pounds. Data are also presented for riboflavin, 6,7-dimethyl- 
lumazine, and 6,7,8-trimethyllumazine. 

3. Analysis—The results of the analysis are as follows: 


CisHisNsO¢ 
Calculated: C 47.9; H 5.6; N 17.2 
Found: Natural C 47.2; H 6.4; N 15.7 
Synthetic C 48.4; H 6.3; N 16.4 


The properties of 6,7-dimethyl]-8-ribityllumazine prepared by 
an unequivocal synthesis thus are in agreement with those of 
the natural compound isolated from A. gossypii. The structure 
of this green fluorescent substance agrees with that proposed by 
Masuda (17) for compound G from EF. ashbyiv. 


Experiments Radioactive Compounds 


It was indicated previously that the addition of formate-C" 
(as well as certain other radioactive precursor substances) led to 
considerable incorporation of C™ into the green fluorescent com- 
pound. In view of the possible precursor-product relationship 
between 6,7-dimethyl-8-ribityllumazine and riboflavin, it was 
of interest to determine the specific radioactivities of these two 
compounds at various time intervals, as well as the specific loca- 
tion of the label within 6 ,7-dimethyl-8-ribityllumazine compared 
to the analogous position of C™ in the riboflavin structure. 

The procedures used for the isolation of riboflavin and 6,7- 
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HOURS AFTER ADDITION OF 

Fic. 5. Incorporation of C!4-formate into 6,7-dimethy]l-8-ribi- 
tyllumazine and riboflavin as a function of time. A. C'-formate, 
10 pmoles, (1,150,000 ¢.p.m.) added to each 100 ml. of culture per 
flask at 72 hours after inoculation. Three flasks were pooled at 
each time interval. #8. Same as A, but C!4-formate was added 40 
hours after inoculation. ----- , riboflavin; ——, 6,7-dimethyl- 
8-ribityllumazine. 


SPECIFIC RADIOACTIVI 
8 


dimethyl-8-ribityllumazine from fermentation flasks and the 
method of chemical degradation of the latter are described below. 

Incorporation of C-labeled Compounds into Riboflavin and 
6 ,7-Dimethyl-S-ribityllumazine—To each of 21 flasks of cultures 
actively synthesizing riboflavin 10 wmoles of HC' OONa were 
added either 40 or 72 hours after inoculation. Three flasks were 
removed at specific time intervals and the 6,7-dimethyl-8- 
ribityllumazine and riboflavin were isolated in the following 
manner. 

The pooled contents from three flasks were filtered over glass 
wool. The resulting cell paste was successively treated with 200 
ml. of 95 per cent ethanol and 50 ml. of 95 per cent ethanol. The 
combined filtrates were concentrated in a vacuum to about 10 
ml., freed of crystalline riboflavin by centrifugation, and applied 
to a Florisil column (1.9 & 8 cm.). The column was washed 
well with 5 per cent acetic acid (100 ml.) and both 6,7-dimethyl- 
8-ribityllumazine and riboflavin were eluted with 5 per cent 
pyridine. The pyridine eluate was concentrated in a vacuum 
and the final concentrate was streaked on sheets of Whatman 
No. 83MM paper (18} xX 223 inches). The ascending chroma- 
tograms were developed overnight in butanol - ethanol - water 
(50:15:35). After being dried, riboflavin and 6,7-dimethy]-8- 
ribityllumazine were located and identified by fluorescence and 
Ry. The respective bands were cut out and the compounds 
eluted with water. The eluates were concentrated in a vacuum 
where necessary. Solutions containing 50 to 101 ug. per ml. 
were found to be satisfactory for analysis. Aliquots were taken 
for determination of concentration and radioactivity. Results 
are given in Fig. 5. 

The incorporation of radioactivity from other precursors was 
investigated in a similar manner. Details for these are given 
in the text and Tables IT and III. 

Degradation Procedure for Carbon-2 of 6 ,7-dimethyl-S-ribityl- 
lumazine (Fig. 6)—6,7-Dimethyl - 8-ribityllumazine from for- 
mate-C™ was isolated as described above. The compound was 
rechromatographed on paper with water saturated with tert-amyl 
alcohol (Ry, 0.78).6 A solution containing 246 wg. of purified 


Radioactive 6,7-dimethyl-8-ribityllumazine decomposes fairly 
rapidly when stored in solution, even in the frozen state, to yield 
blue-fluorescent compounds, at least one of which retains the ra- 
dioactivity. These components are not separable from 6,7-di- 
methyl-8-ribitvllumazine on paper with the solvent systems: 
butanol-ethanol-water, butanol-acetic acid-water, and n-pro- 
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TABLE II 
Incorporation of glycine-1 ,2-C'4 into 6 ,7-dimethyl-8-ribityllumazine 
and riboflavin 

Glycine-1,2-C'*, 10 umoles, (approximately 2,000,000 ¢.p.m.) 
was added to 100 ml. of culture 40 hours after inoculation. Con- 
tents of 3 flasks were pooled for assay at each time interval; iso- 
lation of 6,7-dimethyl-8-ribityllumazine and riboflavin as indi- 
cated in text. 


Specific radioactivity 
Hours after addition of glycine-C' 
6,7- Riboflavin 
c.p.m./pmole c.p.m./umole 
16 2640 2110 
24 3480 2330 
40 2440 2030* 


* Of the C!* added 7 per cent was recovered in total riboflavin. 


TABLE III 


Incorporation of various C'4-labeled compounds into 
6 ,7-dimethyl-8-ribityllumazine and riboflavin 
The C'4 compounds were added to cultures 65 hours after inocu- 
lation and left in contact for 24 hours. The following amounts 
of the labeled substances were added per 100 ml. of fermentation 
medium: 37 wmoles of randomly labeled adenine, 37 uwmoles of 
adenine-8-C!4, 55 wmoles of pi-serine-3-C', 13 uwmoles of L-ser- 


ine-C!, 
Specific radioactivity 
R f 
C'4-compound 6, 7-di- label in ‘total 
Riboflavin riboflavin 
azine 
| 
Randomly labeled ade- 

145,000 2220 1430 38 
Adenine-8-C'4........... 5,850,000 | 11400 | 9770 13 
2,320,000 3030 3380 5.8 
Totally labeled L-ser- 

2,980 , 000 3740 | 3050 4.05 

Cc 
I I W 


Fic. 6. Chemical degradation of 6,7-dimethyl-8-ribitylluma- 
zine. 


compound in 1.5 ml. was irradiated as previously described. 
The reaction mixture was chromatographed on paper with the 
solvent butanol-ethanol-water (50:15:35). Thesky-blue fluores- 
cent zone corresponding to 6,7-dimethyllumazine was eluted 
with water. The concentration of the degradation product was 
determined by measurement of the light absorption at 330 mu 
(ay = 9.74 X 10°). The 6,7-dimethyllumazine solution was 


panol-ammonia. However, two additional distinct zones appear 
when the aqueous fert-amyl alcohol system is used. One of these 
is blue (/?r, 0.88) and the other (2, 0.68), not present in all sam- 
ples, fluoresces light blue. 
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TABLE IV 
Degradation of 6,7-dimethyl-8-ribityllumazine 
labeled from formate-C"4 


pumoles c.p.m. c.p.m./pmole 
6,7-Dimethyl-8-ribityllumazine.| 0.753 2010 2680 
6,7-Dimethyllumazine.......... 0.403 1005 2740 
(Carbon 2).............. Carrier 930 
present 
5,6-Dimethy1l-2-aminopyrazine- 
3-carboxylic acid............. 0.141 0 0 


made alkaline by the addition of potassium hydroxide (containing 
some K.CQO;) to a final concentration of 0.1 N. The reaction 
mixture was heated for 24 hours at 175° in a sealed tube. When 
cool, the reaction mixture was transferred to an aeration train 
and acidified; the carbon dioxide evolved® (representing carbon-2) 
was trapped in barium hydroxide solution. The barium car- 
bonate precipitated was prepared for counting in the usual way. 

The acidified solution was streaked on a paper chromatogram 
which was developed with n-propanol-ammonia-water (6:3:1), 
(6,7-dimethyllumazine, Ry, 0.57; 5,6-dimethyl-2-aminopyra- 
zine-3-carboxylic acid, Ry, 0.71). The blue fluorescent zone 
corresponding to an authentic sample of 5,6-dimethyl-2-amino- 
pyrazine-3-carboxylic acid (22) was cut out and eluted with 
water. Its concentration was determined by measurement of 
the light absorption at 350 mu (ay, 6.3 10°), and an aliquot 
of the sample was plated and counted. The results of this 
experiment with 6,7-dimethyl-8-ribityllumazine (Table IV) in- 
dicate that, as in riboflavin (8), label from formate-C" is located 
exclusively in carbon-2 of the molecule. 


DISCUSSION 


The possibility that 6,7-dimethyl-8-ribityllumazine is a pre- 
cursor in the biosynthesis of riboflavin is suggested by its striking 
similarity in chemical constitution and by the fact that radio 
activity from formate is incorporated into analogous positions 
(carbon-2) of the ring structures of the two compounds. In 
order to rule out the possibility that 6,7-dimethyl-8-ribity]- 
Jumazine is a degradation product of riboflavin, the incorporation 
of C-labeled formate into both 6,7-dimethy]-8-ribityllumazine 
and riboflavin has been followed as a function of time. The 
results of two different experiments are shown in Fig. 5. In the 
first of these (A) the radioactive formate has been added to 
72-hour-old cultures. This was done because it was thought 
that the pool of 6,7-dimethyl-8-ribityllumazine would be too 
low during the early stages of fermentation and thus difficulties 
would arise in the isolation of sufficient quantities of material 
for analysis. On repetition of the experiment with a 40-hour 
culture (B), however, more definitive results have been obtained 
since both the pools of 6,7-dimethyl-8-ribityllumazine and of 
riboflavin are lower than in the older culture. This accounts for 
the higher specific activity for both compounds in the latter 
trial. In both experiments the specific radioactivity of 6,7- 
dimethy]-8-ribityllumazine is higher than that of riboflavin at 


6 In separate experiments urea was obtained by direct alkaline 
degradation of 6,7-dimethyl-8-ribityllumazine. The identity of 
the urea produced was confirmed by paper chromatography and 
by its susceptibility to urease. The urea thus formed also was 
radioactive, confirming the validity of the above method of deg- 
radation. 
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the early time periods of incubation. This indicates rather con- 
clusively that 6,7-dimethy]-8-ribityllumazine is not a degrada- 
tion product of riboflavin and may indeed be a precursor in its 
biosynthesis. 

In addition to the incorporation of formate-C', time studies 
were also made with glycine-1,2-C'. As seen in Table II, the 
same relationship seems to occur, 6, 7-dimethyl-8-ribityllumazine 
being somewhat more radioactive than riboflavin. Table III 
presents data on the incorporation of randomly labeled adenine- 
adenine-8-C™, pi-serine-3-C'4, and totally labeled 
serine into both 6,7-dimethyl-8-ribityllumazine and riboflavin. 
In no case is the specific radioactivity of 6,7-dimethyl]-8-ribity]- 
lumazine lower than that of riboflavin. It is of interest that in 
the experiments with adenine-8-C™, a reasonable amount of 
incorporation of radioactivity into riboflavin is obtained; how- 
ever, the percentage incorporation is much lower than with 
randomly labeled adenine-C'*. This is in agreement with the 
observations of McNutt (5). 

In the studies on the incorporation of radioactive substances 
the pool of 6,7-dimethyl-8-ribityllumazine at the various time 
intervals has not been measured. However, judging from the 
data of Masuda (16), the ratio of 6,7-dimethyl-8-ribityllumazine 
to riboflavin present in the mycelium varies from 1:35 to 1:27 
as the culture ages. Therefore, probably the highest expected 
ratio of the specific radioactivities of the two compounds should 
lie within this range. The evidence of Masuda (16) and the 
present observations indicate that 6,7-dimethy]-8-ribityl- 
lumazine does not accumulate to any great extent. This would 
be in accord with the idea that the equilibrium of the reaction(s) 
beyond 6,7-dimethyl]-8-ribityllumazine is in the direction of the 
formation of riboflavin. One may also presume that the bio- 
synthesis of 6,7-dimethyl-8-ribityllumazine from such a primary 
source as formate would require more time than that of ribo- 
flavin from an intermediate such as 6,7-dimethyl]-8-ribitylluma- 
zine. However, in none of the time-incorporation studies has 
the ratio of the specific radioactivities of 6 ,7-dimethyl-8-ribity]- 
lumazine to riboflavin been greater than 5:1. It is probably 
unlikely that one can obtain the ideal agreement between these 
ratios since one is dealing not only with pools of these compounds, 
but also with those of formate-C', for example, and a host of 
intermediates of riboflavin biosynthesis in an organism princi- 
pally metabolizing nonradioactive substrates. The situation 
may be complicated further by the possibility that whereas 
6,7-dimethyl-8-ribityllumazine is probably rapidly anabolized 
and catabolized, riboflavin once formed may be rather inert 
and, therefore, will not return appreciable quantities of com- 
ponents to the metabolic pools. 

Further studies are required to demonstrate conclusively that 
6 ,7-dimethyl-8-ribityllumazine is an intermediate in the biosyn- 


thesis of riboflavin; however, it is worthwhile to point out that. 


this molecule may arise from the condensation of a 4,5-diamino- 
2,6-dihydroxypyrimidine-type compound and two 2-carbon 
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substances, e.g. acetyl-CoA, or one 4-carbon precursor, e.g. 
2,3-butadione or acetoin (12). In this connection it is of interest 
that Goodwin and Treble (23) have obtained indirect evidence 
for the occurrence of 4,5-diamino-2 ,6-dihydroxypyrimidine in 
growing cultures of H. ashbywi. One could visualize that the 
further condensation of 6,7-dimethyl-8-ribityllumazine with the 
above mentioned 2-carbon or 4-carbon compounds would lead 
to the formation of riboflavin (Scheme I). This possibility 
finds support by the demonstration of Masuda (16) that the 
chemical reaction between 6,7-dimethyl-8-ribityllumazine and 
2,3-butadione leads to the formation of small quantities of 
riboflavin. These speculations would be consistent with the 
type of label distribution in ring A of riboflavin which was ob- 
tained with radioactive glucose and acetate in growing cultures 
of A. gossypit (10). 


SUMMARY 


The isolation and crystallization of a green fluorescent sub- 
stance from the mycelium of Ashbya gossypii has been described 
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in detail. 6,7-Dimethyl-8-ribityllumazine has been prepared 
by chemical synthesis. The natural and synthetic compounds 
are identical when compared by paper chromatography, absorp- 
tion spectra, analysis, and fluorescence characteristics. Certain 
properties of intermediates of the chemical synthesis of 6,7- 
dimethyl-8-ribityllumazine, 4-ribitylamino-2 ,6-dihydroxypyrim- 
dine and 4-ribitylamino-5-nitroso-2 ,6-dihydroxypyrimidine, have 
been reported. 

The incorporation by Ashbya gossypii of formate-C" into 6,7- 
dimethy]-8-ribityllumazine, as in riboflavin, involves exclusively 
the carbon 2 position of the molecule. Data from time studies 
on the incorporation of formate-C™ and other radioactive pre- 
cursors rule out the possibility that 6,7-dimethyl-8-ribityl- 
lumazine is a degradation product of riboflavin and lend tentative 
support to the conclusion that it is an intermediate in the biosyn- 
thesis of the vitamin. 
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In previous communications from this laboratory we have re- 
ported that the hydroxylation of the carcinogen N-(2-fluoreny])- 
acetamide can be readily demonstrated in slices (1, 2) and in 
homogenates fortified with diphosphopyridine nucleotide and 
succinate (3), but not in unfortified homogenates (1, 3). It was 
also found that the binding of the radioactivity of N-(2-fluorenyl) 
acetamide-9-C" to cellular proteins occurred only at a very low 
level in unfortified homogenates, but was increased several-fold 
when diphosphopyridine nucleotide and succinate were added 
(2, 3). These data suggested a relation between hydroxylation 
of N-(2-fluorenyl)acetamide and _ protein binding. Protein 
binding is currently considered to play a part in the action of 
chemical carcinogens and may be required for the induction of 
neoplasms by chemical agents (4). Since hydroxylation of N- 
(2-fluorenyl)acetamide seemed implicated in this reaction, a 
further characterization of the enzymatic system(s) concerned 
with the hydroxylation and concurrent deacetylation of N-(2- 
fluorenyl)acetamide appeared desirable. 

The present report deals with the optimal conditions for the 
hydroxylation of N-(2-fluorenyl)acetamide and the role of tri- 
phosphopyridine nucleotide or diphosphopyridine nucleotide in 
this reaction. The intracellular distribution of the hydroxylating 
and deacetylating systems has been defined, and the effects of a 
number of enzyme inhibitors upon the hydroxylating and deacet- 
ylating activities have been examined. The abilities of different 
species to hydroxylate the carcinogen have been compared. 
Finally, several hydroxylated metabolites of \-(2-fluoreny])- 
acetamide have been identified by paper chromatography after 
-neubation of liver cell fractions with the compound. 


EXPERIMENTAL 


Animals—All animals were 3 to 6 months old and, with the 
exception of the Syrian hamsters and the bantam rooster, were 
albinos. The rats, weighing approximately 200 gm., were pur- 
chased from the Holtzman Rat Company, Madison, Wisconsin. 
All other animals were obtained locally. 

Preparation of Cell Fractions—The animals were killed by a 
blow to the head. The livers were removed rapidly, cooled in 
ice, minced, and homogenized in a Potter-Elvehjem type homog- 
enizer with a solution of 1.1 per cent KCl which was 0.001 m 
with respect to ethylenediaminetetraacetate and 0.01 mM with 
respect to phosphate buffer, pH 7.4. 3 to 4 ml. of homogenizing 
medium were used for each gram of wet tissue. The homoge- 
nates were centrifuged in an International refrigerated centrifuge 


* Supported by a grant (C-2571) from the National Cancer 
Institute, United States Public Health Service. 


(model PR-2) at 800 X g (Ravg.) for 10 minutes to remove debris 
and cell nuclei. For the preparation of mitochondria, the super- 
natant liquid was centrifuged at 10,000 x g (Ravg.) for 15 min- 
utes in a Spinco refrigerated ultracentrifuge. The mitochondria 
were washed twice with homogenizing medium. 5 ml. of wash 
liquid were used for the mitochondria from 1 gm. of liver. For 
the preparation of the microsomes and the soluble fraction, the 
supernatant liquid, from which the mitochondria had been sepa- 
rated, was centrifuged at 80,000 x g (Ravg.) for 45 minutes. 
After removal of the supernatant liquid (soluble fraction) the 
precipitate (microsomes) was washed as described for the mito- 
chondria, and recentrifuged at 80,000 x g for 60 minutes. 
Preparation of Substrates and Cofactors—FA,! m.p. 127-128° 
(5), AFA, m.p. 196-198° (6), 7-OH-AFA, m.p. 230-231° (7), 
5-OH-AFA, m.p. 215-217° (8), and 1-OH-AFA, m.p. 210-212° 
(9) were prepared essentially by published methods. For the 
acetylation of the last two compounds, the conventional pro- 
cedure (10) proved to be more satisfactory than the method em- 
ployed by Weisburger and Weisburger (9). 7-OH-FA, 5-OH-FA, 
and 1-OH-FA were used in the form of their respective hydro- 
chlorides. The hydrochlorides were purified by recrystallization 
from dilute hydrochloric acid (activated charcoal added) or ae- 
cording to Fieser (11). 7-F-AFA, m.p. 201—203°, was prepared 
according to Miller et al. (12). The intermediate, 2-nitro-7- 
fluorofluorene, was purified by chromatography on acid-washed, 
activated alumina with benzene or benzene-chloroform (1:1) 
as eluent instead of by repeated crystallizations. AFA-9-C" 
was prepared by the previously published synthesis (2).  Glu- 
cose-6-P (Sigma Chemical Company) and isocitrate (California 
Foundation for Biochemical Research) were used as the di- and 
trisodium salts, respectively. Sodium succinate was prepared 
by neutralizing a solution of succinic acid to pH 7.4 (glass elec- 
trode) with dilute sodium hydroxide. DPN, DPNH, TPN, and 
TPNH of 90 to 95 per cent purity and a glucose-6-P dehydro- 
genase preparation from yeast were obtained from Sigma Chemi- 
cal Company. In a number of experiments TPNH was pre- 


!'The abbreviations used are: FA, 2-fluorenamine (the parent 
compound); AFA, N-(2-fluorenyl)acetamide (the N-acetyl] deriva- 
tive). The hydroxylated or fluorinated derivatives of AFA or of 
FA are abbreviated by indicating the position of the hydroxyl 
group or of the fluorine atom in the fluorene nucleus: 1-OH-AFA, 
N-(1-hydroxy-2-fluorenyl)acetamide; 3-OH-AFA, N-(3-hydroxy- 
2-fluorenyl)acetamide; 5-OH-AFA, N-(5-hydroxy-2-fluorenyl)- 
acetamide; 7-OH-AFA,  N-(7-hydroxy-2-fluorenyl)acetamide; 
1-OH-FA, 2-amino-1l-fluorenol; 5-OH-FA, 2-amino-5-fluorenol; 
7-OH-FA, 2-amino-7-fluorenol; 7-F-AFA, N-(7-fluoro-2-fluorenyl)- 
acetamide. 
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Incubation mixtures heated for 
3 minutes; cooled; centrifuged. 


Fraction 1: protein precipitate; extracted 
2 times with 5 ml. of 50% ethanol. 


Fraction 3: protein pre- Fraction 4: ethanol 
cipitate; discarded. washings. 


| 


Fraction 2: 
supernatant 


Fraction 5; extracted 
2 times with 2 vol- 


umes of ether. 


Fraction 6: ether extract; Fraction 7: aqueous 
phase; discarded. 


extracted with 10 ml. of 
0.25 m NaOH. 


| 


Fraction 9: ether extract to dryness; residue 
containing fluorenamines and starting com- 
pound taken up in 50 ml. of 50% ethanol; R 
salt test on aliquot. 


Fraction 8: 0.25 mM NaOH contain- 
ing fluorenols; quantitative Folin 
test on aliquot. 


Fic. 1. Extraction and partition of metabolites of AFA after incubation with tissue preparations. 
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pared enzymatically by a slight modification of the method of 
Evans and Nason (13) with the use of glucose-6-P and glucose-6-P 
dehydrogenase in place of isocitrate and isocitric dehydrogenase. 

The standard incubation medium consisted of 15 uwmoles of 
glucose-6-P, 0.3 umole of TPN, 360 umoles of nicotinamide, 150 
umoles of potassium chloride, 150 uwmoles of phosphate buffer, 
pH 7.4, and 2.2 uwmoles of the respective fluorene derivative 
(added in 0.1 ml. of methyl Cellosolve). To this medium was 
added the appropriate cell fraction or fractions equivalent to 500 
mg. of wet liver to give a total volume of 6 ml. The mixtures 
were placed into open flasks and incubated for 30 minutes at 37° 
with constant shaking. After incubation, the mixtures were 
transferred to 15-ml. centrifuge tubes and heated for 3 minutes 
in a boiling water bath, cooled, centrifuged, and processed ac- 
cording to the scheme shown in Fig. 1. 

Spectrophotometric and Radioactivity Measurements—Free 
amine and remaining starting compound were determined in an 
aliquot of the ethanol solution by the modified R salt test which 
permitted measurement of 0.01 wmole of FA (14). Total fluor- 
enols were measured spectrophotometrically by use of the Folin- 
Ciocalteu reagent for phenols (15). Turbidities in the final ex- 
tract (Fraction 8) due to trace amounts of ethanol or ether were 
prevented by heating the final extract for 3 minutes in a boiling 


water bath or by washing the ether extract (Fraction 6) with 
distilled water before extraction with 0.25 N sodium hydroxide. 
Heating of the final extract could then be omitted. The Folin- 
Ciocalteu reagent permitted the detection of 0.01 umole of 
fluorenol. The optical densities were expressed in terms of 
7-OH-AFA by reference to a calibration curve. These measure- 
ments are considered to give a satisfactory approximation of the 
total hydroxylation of AFA by rat liver for the following reasons. 
The color given by equimolar amounts of 7-OH-AFA, 5-OH-AFA, 
and 7-OH-FA with the Folin reagent was virtually identical 
throughout a 10-fold range of concentrations, whereas the color 
yield of 5-OH-FA was approximately 20 per cent and that of 
1-OH-AFA was 85 per cent greater. However, under our ex- 
perimental conditions, the only metabolite detectable chroma- 
tographically in extracts of rat liver homogenates or cell fractions 
incubated with AFA was 7-OH-AFA. The estimation of fluor- 
enols in experiments with preparations from hamster liver was 
undoubtedly less accurate, since 7-OH-AFA and 5-OH-AFA as 
well as 1-OH-AFA and 3-OH-AF A? were found by paper chro- 
matography. However, it was apparent from inspection of the 
chromatograms that 7-OH-AFA and 5-OH-AFA were the pre- 


2 We are indebted to Dr. J. H. Weisburger, National Cancer 
Institute, for a gift of this compound. 
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ponderant metabolites. Consequently, the method of expressing 
the data in terms of 7-OH-AFA is likely to give a reasonable 
estimate of total hydroxylation by hamster liver. The color 
given with the phenol reagent in extracts of liver cell fractions 
incubated with 7-F-AFA was also expressed in terms of 7-OH- 
AFA. Since no hydroxylated derivatives of this substrate have 
as yet been prepared, no reference calibration curve was avail- 
able. Accordingly, no quantitative significance can be attached 
to these data, and no comparison of the extent of hydroxylation 
of 7-F-AFA and of AFA is intended. The data, as presented, 
indicate in a qualitative manner how the hydroxylation of 7-F- 


TABLE I 


Optimal conditions for hydroxylation of AFA by rat 
liver cell fractions 


Cell fraction* Additions geo 
10,000 X g supernatant frac- 

10,000 X g supernatant frac- 

Glucose-6-P, TPN, Not 0 
10,000 X g supernatant frac- 

800 X g supernatant frac- 

DPNH® 0 

genase (1 mg./ml.), glu- 

cose-6-P, TPN 0.16 

genase (2 mg./ml.), glu- 

cose-6-P, TPN 0.06 


* Each cell fraction was suspended in the standard incubation 
system described under ‘‘Experimental.’’ 

+ Expressed as wmoles of 7-OH-AFA formed per hour per gm. 
of tissue. 

t 30 umoles of substrate and 0.3 umole of coenzyme were added. 

§ 1 zmole of TPNH prepared enzymatically as described under 
“‘Experimental’’ was added. 

{ 2 umoles of the commercial preparation were added. 


0.80F Hamst.,0.1 MFO 


0.60 F 


Hamst.,No Fo 
Rat, 0.1 


Rat, No F~ 


0.40F 


0.20F 


Hydroxylation-.M/qm Tissue 


Rat, No F~ 
or 0.1 
15 30 45 60 

Time in Minutes 


Fic. 2. The comparative rates of hydroxylation of AFA by the 
hydroxylating systems from rat and hamster liver and the effect 
of 0.1 m fluoride ion (F~ in figure) on the rates of hydroxylation 
of AFA and FA by rat liver. @——®@, substrate, AFA; A A, 
substrate, FA. For conditions of incubation, see ‘‘ixperimen- 
tal.” 


AFA was affected by variations of the experimental conditions 
Recoveries of 7-OH-AFA, 5-OH-AFA, 3-OH-AFA, 1-OH-AFA 
and the corresponding aminofluorenols as well as recoveries of 
FA and AFA added to incubation mixtures were essentially 
quantitative at zero time. The radioactive cell fractions were 
subjected to wet combustion and the resulting barium carbonate 
precipitates counted according to the semi-micro method (16), 
The individual metabolites formed by liver cell fractions were 
identified by paper chromatography as follows. Microsomes and 
soluble fraction obtained from 2.5 gm. of liver were incubated 
in an appropriately scaled incubation system in the presence of 
0.1 mM potassium fluoride and the fluorenols isolated according to 
the scheme of Fig. 1. The ether extract (Fraction 6) was washed 
with distilled water before extraction with dilute alkali. The 
alkaline extract was carefully neutralized with 1 m sulfuric acid 
and then extracted with diethyl ether. After solvent evapora- 
tion the residue was taken up in a small volume of ethanol. This 
solution was applied to 0.7 xX 34-cm. paper strips (Filpaco 
brand No. 316, The Filter Paper Company, Chicago, Illinois) 
and the chromatograms developed by the descending technique 
with a mixture of 16 parts of cyclohexane, 4 parts of tert-butanol, 
2 parts of glacial acetic acid, and 1 part of distilled water (by 
volume) as a solvent (17). The compounds were visualized by 
spraying the chromatograms with a 1:3 dilution of the Folin 
reagent followed by a spray with 20 per cent sodium carbonate 
(17). In each experiment, the synthetic fluorenols were run 
simultaneously, each on a separate strip, as controls. The 
Ry values of 7-OH-AFA, 5-OH-AFA, 3-OH-AFA, and 1-OH- 
AFA were 0.27, 0.35, 0.45, and 0.51, respectively. With the same 
solvent system, Rr values of 0.07, 0.18, and 0.13 were obtained 
for 7-OH-FA, 5-OH-FA, and 1-OH-FA, respectively. In the 
experiments with hamster liver preparations, the identity of 
7-OH-AFA and 5-OH-AFA was confirmed by ultraviolet spectro- 
photometry as follows. Sections of untreated chromatograms 
corresponding to the location of these metabolites on sprayed 
chromatograms were cut out and extracted with dilute sodium 
hydroxide. The ultraviolet spectra of these solutions were com- 
pared with the ultraviolet spectra of the synthetic products. 


RESULTS 


Requirements for Hydroxylating Activity from Rat Liver—Table 
I shows the relative effectiveness of several systems, which 
generate DPNH or TPNH, in promoting the hydroxylation of 
AFA. The combination of glucose-6-P (30 umoles), TPN (0.3 
umole) and the soluble fraction, together with the microsomes, 
gave the most rapid hydroxylation, the rates being approxi- 
mately linear with time for periods up to 30 minutes (Fig. 2). 
Further increase in the concentration of TPN to a level of 1.5 
umoles had no effect on the rate of hydroxylation. Replace- 
ment of glucose-6-P and TPN by succinate and DPN which 
had been used in earlier experiments (3) resulted in appreciably 
lower rates of hydroxylation. Reduced coenzyme was present 
throughout the entire incubation period in all experiments, since 
the 340 my band due to reduced coenzyme could be demon- 
strated in aliquots removed at intervals from the incubation 
systems. Furthermore, independent assays of each of the 
DPNH- or TPNH-generating systems used in this work indi- 
cated that all of the oxidized coenzyme was converted in less 
than 1 minute to the reduced form and kept in the reduced state 
for periods up to 60 minutes. The consistent differences in the 
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rates of hydroxylation of AFA were therefore not due to differ- 
ences in the quantities of reduced coenzyme which were gen- 
erated, and further study is required for an adequate explanation. 
Omission of nicotinamide from the incubation system reduced 
the rate of hydroxylation of AFA to 0.02 umole per hour per gm. 
of wet liver. In contrast, Conney et al. (18) reported little effect 
on the hydroxylation of 3,4-benzopyrene after the deletion of 
nicotinamide. Replacement of air by nitrogen abolished hy- 
droxylation of AFA. 

Enzymatically prepared ‘TPNH and microsomes alone sup- 
ported hydroxylation of AFA at approximately two-thirds of the 
rate obtained with the complete system, but commercial TPNH, 
which is prepared by reduction of TPN with sodium hydrosul- 
fie, and microsomes gave hydroxylation only at one-fourth of 
the rate observed under optimal conditions. Serial additions of 
| ymole of commercial TPNH at zero time as well as 10 and 20 
minutes after the start of the incubation gave no increase in the 
rate of hydroxylation over a single addition of 2 umoles at zero 
time. It would appear that enzymatically generated TPNH 
was the most effective means for hydroxylating AFA. The lower 
rates of hydroxylation noted when TPNH preparations replaced 
the complete system could conceivably have been due to removal 
of the compound by other reactions occurring in the microsomes. 
However, the disappearance of TPNH from the microsomal 
system (obtained from 500 mg. of rat liver) measured in the 
absence of AFA was only 0.5 micromole of TPNH in 30 minutes 
leaving sufficient TPNH for hydroxylation of AFA. DPNH 
and microsomes were ineffective for hydroxylation of AFA, and 
DPNH did not increase the hydroxylation of AFA by TPNH 
and microsomes. Failure of DPNH to support hydroxylation 
has also been observed with 3,4-benzopyrene as substrate (18). 
On the other hand, Booth and Boyland (19) reported that hy- 
droxylation of 2-acetamidonaphthalene by rat liver microsomes 
was accomplished with DPNH at one-half of the rate obtained 
with TPNH. 

A glucose-6-P dehydrogenase preparation, although active in 
generating TPNH in the presence of glucose-6-P, supported hy- 
droxylation only partially. The low rate of hydroxylation was 
most probably due to the presence of an inhibitor in the crude 
dehydrogenase, since the rate of hydroxylation was further de- 
pressed when the amount of dehydrogenase in the hydroxylating 
system was increased. The pH optimum for the hydroxylation 
of AFA was at 7.4 to 7.6 (Fig. 3). The decrease in hydroxyla- 
tion at lower and higher pH values is presumably referable to 
lower activity of the microsomal system, since glucose-6-P de- 
hydrogenase is active from 6.5 to 9.5 (20) and enzymatically 
produced TPNH is stable under our experimental conditions 
(21). The data of Fig. 3 were obtained in incubation systems 
buffered with 0.025 m phosphate. At pH 5 and 8.5, with the 
use of 0.025 m acetate, Veronal, borate, or tris(hydroxymethy])- 
aminomethane buffers, phosphate was added to give a concen- 
tration of 0.020 Mm. Substitution of phosphate buffers by borate, 
tris(hydroxymethyl)aminomethane, Veronal, or glycylglycine 
buffers reduced hydroxylation of AFA to approximately one-half 
of the rate obtained in the presence of phosphate. However, the 
orginal activity was restored by the addition of phosphate to a 
final concentration of 0.02 m. Inorganic phosphate has been 


hoted to be required for optimal activity of the microsomal 

system from rabbit liver which hydroxylates acetanilide (22). 
Under the conditions which were optimal for the hydroxyla- 

tion of AFA deacetylation was not maximal, but proceeded lin- 
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pH 

Fic. 3. Effect of pH on the hydroxylation of AFA by the hy- 
droxylating system of rat liver with glucose-6-P and TPN as 
described under ‘“‘Experimental.” The pH was varied by adding 
1.5 ml. of 0.1 mM phosphate buffer of the desired pH. At pH 5, 1.5 
ml. of 0.1 M acetate buffer were used, and at pH 8.5, 1.5 ml. of 0.1 
M Veronal, borate, or tris(hydroxymethyl)aminomethane buffer 
were employed. 


TABLE II 


Intracellular distribution of hydrorylating and deacetylating 
activities of rat liver 


Cell fraction* Deacetylationt 
Whole homogenate.................... 0.32 0.80 
Nuclei + mitochondria............... 0 0.10 (0.04)§ 
Nuclei + mitochondria + soluble frac- 

Microsomes + soluble fraction (10,000 


* Kach cell fraction was suspended in the standard incubation 
system described under ‘‘E-xperimental.’’ 
tT Expressed as ymoles of 7-OH-AFA formed per hour per gm. 


of wet tissue. 
t Iixpressed as wmoles of FA formed per hour per gm. of wet 


tissue. 
§ The mitochondrial fraction was washed twice with homog- 
enizing medium before incubation. 


early with respect to time and enzyme concentration. Deacet- 
ylation was most rapid at pH 8 and under conditions which 
depressed hydroxylation. 

Intracellular and Tissue Distribution of Hydroxylating and De- 
acetylating Activittes—As shown in Table II, none of the cellular 
fractions alone hydroxylated AFA. However, hydroxylation 
was obtained when microsomes were added to the soluble pro- 
teins. The activity of the combined fractions usually exceeded 
that of the whole homogenate. Recombination of the active 
fraction (10,000 x g supernatant fraction) with the remaining 
precipitate gave rates which again approached those obtained 
with whole homogenate. 

In contrast to the hydroxylating activity, deacetylation of 
AFA depended only on the presence of microsomes, no other 
fractions being required for maximal activity. The low activity 
in the mitochondrial fraction was primarily due to contamination 
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TaBLeE III 

Inhibitors of hydrozylating and deacetylating activities of AFA 
motes. | wmales | | wmoles | 
0.40 | 100 | 0.80 | 100 
0.01 0.32 | 80! 1.00 | 125 
Potassium cyanide........... 0.01 0.44 | 110 | 0.80 | 100 
sulfate............... 0.0001 | 0.28 60 0.80 | 100 
Potassium ferricyanide....... 0.001 0.40 | 100 | 0.80 | 100 
EKthylenediaminetetraacetate.| 0.001 0.36 | 90) 0.72; 90 
0.01 0.10; 25) 0.16; 20 
0.005 0.40 | 100 | 0.48 | 60 
Sodium pyrophosphate....... 0.01 0.40 | 100 | 0.80 | 100 
1.10 0.00 00.08 | 10 
Methyl Cellosolve............ 1.10 0.40 | 100 0.80 | 100 


* The compound was added to the standard system containing 
microsomes and soluble fraction from rat liver as described under 


+ Expressed as ymoles of 7-OH-AFA formed per hour per gm. 
of wet tissue. 

ft Expressed as wymoles of FA formed per hour per gm. of wet 
tissue. 


80 T T T T 180 
% Hydroxylation 
% Deacetylation 
i 
41600 
= 
on => 
40F 4140 9° 
3 => 
= 
20F 4120 x 
\ 
100 


1 4 
0.0001 0.00! 0.01 0.1 
Fluoride Concentration ) 


Fic. 4. The action of fluoride ion on the hydroxylation and 
deacetylation of AFA by rat liver microsomes and soluble frac- 
tion. The incubation conditions are described under ‘‘Experi- 
mental.” 


with microsomes, since it could be further reduced to a value of 
0.04 umole of FA formed per hour per gm. of wet tissue by careful 
washing of mitochondrial preparations. No hydroxylation of 
AFA was observed when the microsomes of testis, kidney, blad- 
der, and intestine were combined with the soluble fraction from 
liver or with their own soluble fraction. Nearly maximal hy- 
droxylation of AFA was obtained when liver microsomes were 
incubated with the soluble fraction from testis, kidney, bladder, 
or intestine. These data substantiate the view that the hy- 
droxylating activity of AFA, like other aromatic hydroxylases 
(18, 22), is located exclusively in the liver microsomes, whereas 
the enzymatic system which generates the TPNH required for 
hydroxylation of AFA is associated with the soluble proteins and 
is not tissue-specific. Of the five tissues examined (liver, kidney, 
bladder, testis, and intestine), only liver homogenates or micro- 
somes deacetylated AFA at measurable rates. Since it has 
recently been shown by radioactive tracer methods (23) that 
intestinal strips in a Ringer-phosphate buffer containing glucose 
readily deacetylated AFA, it would appear that the activity of 
the intestinal deacylase is markedly influenced by the experi- 
mental conditions. 
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Inhibitors—The effects of a number of reagents on the hy- 
droxylating and deacetylating activities of AFA are listed in 
Table III. The action of the compounds appeared to be very 
similar to their effect on 3,4-benzopyrene hydroxylase (18) with 
the exception of potassium ferricyanide which exerted marked 
inhibition only on the latter enzyme. However, in the experi- 
ments with 3,4-benzopyrene as substrate excess potassium ferri- 
cyanide was added to TPNH and microsomes in the absence of 
a TPNH-regenerating system (18). The apparent inhibition of 
benzopyrene hydroxylase may therefore be ascribed to the com- 
plete and irreversible oxidation of TPNH to TPN which cannot 
be utilized for hydroxylation. The lack of action of a,a’-dipyr- 
idyl at a concentration of 10-° mM on the hydroxylation of AFA 
(and of 3,4-benzopyrene (18)), is of interest since the reagent 
at this level has a profound inhibitory effect on the microsomal 
enzyme system from rabbit liver which hydroxylates acetanilide 
(22). 

The deacetylation of AFA was inhibited by ethanol, ethylene- 
diaminetetraacetate, a,a’-dipyridyl, and by potassium fluoride. 
Complete inhibition was observed at a concentration of 0.1 
F- (Fig. 4). The concomitant rise of hydroxylation was not 
due to a direct stimulation of the microsomal hydroxylating sys- 
tem by fluoride ion, since incubation of FA in the presence of 
0.1 m F~ did not increase the hydroxylation of this compound 
(Fig. 2). The stimulatory effect of F~ is most reasonably ex- 
plained by the increase in the amounts of AFA which were 
available for hydroxylation when deacetylation was blocked. 
These results indicate that the presence of F- in the incubation 
system is required for an estimate of the total capacity of the 
liver microsomal system to hydroxylate AFA and_ probably 
other acylamines. 

Species Comparison of Hydroxylating System—A comparison 
of the ability of microsomal systems from several species to 
hydroxylate AFA as well as FA is presented in Table IV. All 
species examined hydroxylated AFA at 2- to 4-fold faster rates 
than FA. The most active hydroxylase was contained in han- 
ster liver microsomes. Hydroxylation of 7-F-AFA was ob- 
served only with microsomal preparations from the livers of the 


TABLE IV 
Species comparison of hydroxylating activities 


Fluorenol formed by 
Substrate* 

pmoles | umoles | pmoles | wmoles | pmoles 
0.217 | 0.35 | 0.20 | 0.18 | 0.60f 
0.36 0.38 | 0.29 | 0.24 | 1.16 
0.05 0 0.06 | O 0.48 
7-F-AFA + 0.1m F-........ 0.13 0 0.10 | 0.88 


* Liver microsomes and soluble fraction from the various 
species were added to the standard incubation system as described 
under ‘‘Experimental.’’ AFA, 7-F-AFA, and FA were used in 
equimolar concentrations. The results are expressed as umoles 
of 7-OH-AFA formed per gm. of wet tissue per hour. The 
numbers in parentheses refer to the number of animals used. 

t+ Hydroxylation ranged from 0.10 to 0.50 umoles of fluorenol 
formed per hour per gm. of wet tissue. 

t Hydroxylation ranged from 0.60 to 0.70 umoles of fluorenol 
formed per hour per gm. of wet tissue. 
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rabbit, the rat, and the hamster, the latter species yielding again 
the most active preparations. In contrast, guinea pig and 
rooster livers were unable to hydroxylate 7-F-AFA. Since the 
7 position is blocked in 7-F-AFA, use of this substrate tests the 
ability of the liver microsomal system to effect hydroxylation of 
the fluorene nucleus in positions other than this ‘‘extended”’ 
para position. Since chromatography of the urine of guinea 
pigs failed to reveal the presence of ortho amido- or amino- 
fluorenols, it has been concluded that this species is incapable of 
hydroxylating AFA in a position ortho to the amido group (24). 
Incubation of 7-F-AFA with the guinea pig liver microsomal 
system likewise gave no hydroxylated products as indicated by 
the negative Folin test. These data suggest that comparative 
measurements of the hydroxylation of AFA and 7-F-AFA permit 
differentiation between ortho- and para-hydroxylating enzymes. 
The separate existence of these enzymes has recently been postu- 
lated (24, 25). 

Identification of Hydroxylated Metabolites—The hydroxylated 
products obtained from the incubation of liver microsomal 
systems with AFA were identified by paper chromatography as 
outlined in the ‘‘Experimental” section. To insure maximal 
hydroxylation, the incubation mixtures contained 0.1 mM F-. 
Four hydroxylated metabolites of AFA were detected in extracts 
of hamster liver microsomal preparations after incubation with 
AFA and were identified as the 7-, 5-, 3-, and 1-hydroxy deriva- 
tives of AFA. 

Chromatography of mixtures incubated with 7-F-AFA yielded 
three spots, which gave a positive Folin test (Re = 0.24, 0.34, 
and 0.45). Because of a lack of standards, these hydroxylated 
metabolites could not be further characterized. In contrast, 
only one hydroxylated derivative of AFA (7-OH-AFA, Rr = 
0.27) and one hydroxylated metabolite of 7-F-AFA (Rp = 0.23) 
could be detected on chromatograms of extracts of rat liver 
microsomal preparations. The greater number of metabolites 
observed on chromatograms from hamster liver preparations 
thus coincided with the greater extent of hydroxylation by this 
species revealed by the colorimetric test. 

The absence of 1-OH-AFA and of 3-OH-AFA on chromato- 
grams of extracts of hydroxylating systems from rat liver may 
be partly attributed to the low level of ortho hydroxylation 
which was manifest in the experiments with 7-F-AFA as sub- 
strate (Table IV). Moreover, these compounds disappeared 
rapidly from actively hydroxylating and deacetylating micro- 
somal systems (Table V) and were presumably further metabo- 
lized. Preliminary experiments with 1-OH-AFA, labeled with 
carbon-14 at the carbonyl carbon, have shown that this ortho- 
amidofluorenol is rapidly deacetylated by microsomal prepara- 
tions from rat liver. ‘This is presumptive evidence that the dis- 
appearance of 1-OH-AFA is conditional upon its deacetylation 
to 1-OH-FA. In contrast, 7-OH-AFA and 5-OH-AFA proved 
to be stable, since they were not deacetylated and were recovered 
quantitatively. These compounds are therefore regarded as 
metabolic end products under the experimental conditions. Ad- 
dition of mitochondria to the hydroxylating system nearly 
doubled the initial rate of disappearance of 1-OH-FA. It is of 
interest that addition of mitochondria to an actively hydroxylat- 
ing system also increased the quantities of carbon-14 derived 
from AFA-9-C™, which were irreversibly bound to protein as 
shown in Table VI. However, measurable binding occurred 
even in the absence of mitochondria. 


U.S. Seal and H. R. Gutmann 


653 


TABLE V 


Disappearance of 2-amino- and 2-acetamidofluorenols from 
hydrozylating and deacetylating system of rat liver 


Disappearance of 
compound 
Compound* 
at 30 minutes at 60 minutes 
% % 
N-(7-hydroxy-2-fluorenyl)acetamide....... 4 0 
N-(5-hydroxy-2-fluorenyl)acetamide....... 5 4 
2-Amino-7-fluorenol....................... 0 0 
2-Amino-5-fluorenol....................... 5 3 
N-(3-hydroxy-2-fluorenyl)acetamide....... 19 27 
N-(1-hydroxy-2-fluorenyl)acetamide. ...... 26 39 
34 68 
73 


* 0.5 umole of each compound was added in 0.1 ml. of methy! 
Cellosolve to the standard incubation system containing micro- 
somes and soluble fraction as described under ‘‘Experimental.”’ 

+ Based on comparison with a sample at zero time. 

t This incubation mixture contained mitochondria from 500 mg. 
of liver in addition to microsomes and soluble fraction. 


TaBLe VI 
Effect of mitochondria on incorporation of radioactivity of 
AFA-9-C" into rat liver proteins 

Kach flask contained the respective cell fractions equivalent 
to 2.5 gm. of wet liver, 2.48 mg. of AFA-9-C"™ (9.45 & 104 e.p.m./ 
umole), 75 umoles of glucose-6-P, 1.5 umoles of TPN, 1.8 mmoles 
of nicotinamide, and 1.5 mmoles of KCI in 30 ml. of 0.025 m phos- 
phate buffer, pH 7.4. Gas phase, air; temperature, 37°. “IT” 
was determined after two successive extractions with acetone and 
ethanol. ‘‘II’’ was determined after solution in 10 per cent 
sodium hydroxide and reprecipitation with 50 per cent trichloro- 
acetic acid (3). 


; Dry Specific activity Total Compound 
Cell fraction counts bound/mg. 
I | Il II protein 
mg. c.p.m./meg. c.p.m. pmoles 
Microsomes and solu- 
ble fraction........ 100 13 12 | 1,200; 1.3 X 10-4 
Microsomes, soluble 
fraction, and mito- 
chondria........... 180 21 20 | 3,600; 2.1 <K 10-4 
DISCUSSION 


The question has been raised whether 7-OH-FA, which has 
been identified in rat liver preparations incubated with AFA 
(3, 19), arises from the deacetylation of 7-OH-AFA or from the 
direct hydroxylation of FA which is always found in rat tissue 
preparations exposed to AFA (1). The present evidence indi- 
cates that 7-OH-AFA is relatively resistant to deacetylation, but 
that FA is hydroxylated directly by rat liver, although at a slower 
rate than AFA. 

There is as yet no definite link between the metabolism of 
carcinogenic aromatic amines and their carcinogenic activity. 
However, recent evidence suggests that ortho hydroxylation of 
the amine or amide is implicated in the carcinogenic process 
(26, 27). On the basis of the data presented here, one might 
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conjecture that the hamster, whose liver contains an active or- 
tho-hydroxylating system, would also be susceptible to liver 
tumor induction by AFA, and this appears to be the case.2 On 
the other hand, the guinea pig, which apparently lacks an ortho- 
hydroxylating enzyme, is resistant to the carcinogenic action of 
AFA (28). 

It has recently been proposed from this laboratory that the 
binding of AFA to cellular proteins involves the intermediate 
formation of 2-imino-1,2-fluorenoquinone (29). This ortho- 
quinone imine arises from the oxidation of 1-OH-FA by mito- 
chondria or the cytochrome c-cytochrome oxidase system and is 
rapidly and irreversibly bound to protein.‘ The data relative 
to the increased rate of disappearance of 1-OH-FA from actively 
hydroxylating systems and the increased protein binding of the 
radioactivity of AFA-9-C' upon addition of mitochondria are in 
harmony with this view. Since disappearance of 1-OH-FA and 
measurable protein binding was observed in the absence of 
mitochondria, it is suggested that microsomes or the soluble 
proteins of the cytoplasm or both are also capable of oxidizing 
1-OH-FA through an as yet undetermined mechanism. 


SUMMARY 


1. A method for the measurement of the enzymatic hydroxyla- 
tion of the carcinogen N-(2-fluorenyl)acetamide has been de- 


scribed. 


654 Metabolism of N-(2-Fluorenyl)acetamide 


Vol. 234, No. 3 


2. Optimal conditions for the hydroxylation have been deter- 
mined and some of the properties of the microsomal enzymes of 
liver which hydroxylate and deacetylate the compound have 
been investigated. Reduced triphosphopyridine nucleotide and 
oxygen were required for hydroxylation. 

3. Data are presented on the hydroxylation of N-(2-fluoreny])- 
acetamide, 2-fluorenamine, and 
amide by the hydroxylating systems of several species. The 
liver of the hamster yielded the most active preparations. The 
data suggest the existence of separate enzymes for ortho and 
para hydroxylation. 

4. Evidence has been obtained that the ortho-hydroxylated 
compounds, N-(1-hydroxy-2-fluorenyl)acetamide, N-(3-hydroxy- 
2-fluorenyl)acetamide, and 2-amino-1-fluorenol, are further 
metabolized as indicated by their disappearance from hydrox- 
ylating systems of rat liver. The rate of disappearance was 
markedly enhanced by the addition of mitochondria. 

5. It has been suggested that the disappearance of the ortho- 
hydroxylated products and the binding of N-(2-fluorenyl)acet- 
amide to cellular proteins which was demonstrated in actively 
hydroxylating preparations is due to oxidation of these com- 
pounds to orthoquinone imines. 
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An investigation of the enzymes which hydrolyze diphospho- 
pyridine nucleotide was undertaken as a part of the study of 
the wheat leaf phosphatases. Some experiments on the inhibi- 
tion and pH relationships of these enzymes were included since 
such results will be valuable for choosing inhibitors that will 
protect DPN in preparations of DPN-dependent dehydrogenases 
from wheat leaves. 

There are two primary points of enzymic attack on DPN 
that have been reported in the literature. The DPNases that 
occur in Neurospora (1), some animal tissues (2, 3), and potatoes 
(4) hydrolyze the nicotinamide residue from DPN. DPN 
pyrophosphatases, occurring in rabbit kidney (3) and potatoes 
(5), decompose DPN into 5’-AMP and NMN. 

The first step in the destruction of DPN by wheat leaf juice 
is catalyzed by a pyrophosphatase which liberates 5’-AMP and 
NMN. The 5’-AMP is broken down as described earlier (6). 
A phosphatase attacks the NMN to produce ribosyl nicotin- 
amide, which usually accumulates unchanged in the digests. 
The leaves appear to contain little or no DPNase. ADP-ribose 
is also attacked by a pyrophosphatase in the juice. 


MATERIALS AND METHODS 


Juice was prepared from the leaves of Kharkov winter wheat 
as described earlier (7) and dialyzed against 0.25 m citrate buf- 
fer, pH 5.7, or 0.25 m acetate buffer, pH 5.5, for 2 days in the 
presence of thymol at 5°. Digests for the hydrolysis of DPN 
were prepared by mixing 10 mg. of DPN, 0.1 ml. of dialyzed 
juice, and 0.4 ml. of 0.75 m citrate buffer at pH 5.7 plus a crystal 
of thymol. In the first few experiments, aliquots were treated 
for 5 minutes in a water bath at 90 to 95° to inactivate the en- 
zyme. In later experiments samples were spotted or streaked 
directly on the filter paper for chromatography or electrophoresis. 
It was necessary to store these sheets at a low temperature 
(—20°) until they were irrigated, or additional spots with green- 
ish yellow fluorescence would appear after irrigation, After the 
chromatograms were developed, they could be kept at room 
temperature without encountering this difficulty. 

To separate the compounds, paper chromatography and paper 
electrophoresis were carried out under the conditions indicated 
in Table I. Before the separations were made by electrophoresis, 
the tank was set up with the buffer and was operated with a 
blank piece of paper for 3 to 4 hours. Subsequently three or 
four good electrophoretic separations of the unknown could be 
made without changing the buffer. 

The spots of adenine and nicotinamide derivatives were de- 


* Contribution No. 101, Science Service Laboratory, Canada 
Department of Agriculture, Lethbridge, Alberta. 


tected by their deep purple color when viewed under a Mineralite 
SL 2537 ina dark room. Ribose and ADP-ribose were detected 
with aniline phthalate (8). This spray also revealed compounds 
containing the nicotinamide ribose linkage characteristic of 
DPN. Orthophosphate was detected with the perchloric acid 
and molybdate spray (9). All of these tests were made on a 
single sheet of paper in the above order (10). 

To prepare purified solutions of the unknown compounds, 
solutions containing the unknowns were streaked instead of 
spotted on filter paper. After irrigation the bands were detected 
with ultraviolet light, cut out, and eluted with a minimal vol- 
ume of water. Aliquots of these solutions were diluted with 
water or 1 M KCN, and their ultraviolet absorption spectra were 
determined in a Beckman model DU spectrophotometer. 

Spots of nicotinamide and adenine derivatives were distin- 
guished by their ultraviolet absorption spectra. When the 
relatively transparent Whatman No. | filter paper was used for 
chromatography, the spots were examined directly in a Beckman 
model DU spectrophotometer. 

Ribose was determined by its reducing power (11), and phos- 
phate by the method of Waygood (7, 12). Adenine was dissolved 
in 0.01 N HCl and determined by its ultraviolet absorption at 
262 mu. 


EXPERIMENTAL 


Identity of Compounds Present in Commercial DPN—Prelimi- 
nary experiments showed that commercial DPN (Nutritional 
Biochemicals or Schwarz) contained traces of nicotinamide, 
ADP-ribose, and an unidentified impurity in addition to DPN. 
DPN was identified by its absorption maximum at 325 my in 
the presence of 1 m KCN (13). Nicotinamide was identified by 
paper chromatography and electrophoresis (Table I). ADP- 
ribose was identified by its absorption spectrum, by its reaction 
with aniline phthalate, by paper chromatography, and by the 
products of its hydrolysis with wheat leaf juice in 0.1 M acetate 
at pH 5.5. This hydrolysis yielded adenine, ribose, and phos- 
phate in the ratio of 1.0:1.9:1.8. The ADP-ribose had an Rp 
of 0.58 compared with 0.42 for DPN when irrigated with eth- 
anol-0.1 mM acetic acid (1:1). Ry values in the literature for 
ADP-ribose are 0.63 and 0.66 compared with 0.51 and 0.47 for 
DPN with this solvent (2, 14). 

In the paper electrophoresis experiments, the spot which 
appeared between the DPN and ADP-ribose spots was not 
identified. It indicated the presence of small amounts of an 


unknown that did not move from the origin when the paper 
With ethanol- 
Hy- 


was irrigated with butanol-acetic acid-water. 
acetic acid (3:1), movement from the origin was small. 
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TABLE I which had traveled the distances shown in the second and third me 

Separation of DPN and some related compounds columns in Table II. the 
Conditions: Electrophoresis. Schleicher and Schuell No. 589 _—- Purified solutions of these unknowns were obtained by paper | thi 
orange ribbon filter paper, 0.05 M acetate, pH 4.0, 4 hours at 450 chromatography and paper electrophoresis. Both unknowns of 


volts in Shandon electrophoresis tank. Paper chromatography. had absorption spectra similar to nicotinamide in aqueous solu- lat 
Whatman No. | filter paper irrigated 18 hours at room tempera- tions and gave the absorption maximum at 325 my characteristic ser 
ture. The solvent was allowed to run off the end of the paper. of N-substituted nicotinamide compounds (13) in the presence det 


Spots detected by ultraviolet light; distances measured in em. of 1m KCN. When spotted on filter paper in large quantities int 
eee wr em. they gave a pink spot after they were sprayed with aniline det 


| The slowly moving unknown was hydrolyzed for 48 hours with ex] 
ee (3:1) water (S:4:1) dialyzed wheat leaf juice in the presence of 0.1 M acetate at pH 
5.5 and thymol. This preparation was immersed in a hot on 
cm. cm. cm. cm. water bath to stop the enzyme activity. Irrigation of samples wa 
Commercial DPN (up from this preparation with butanol-acetic acid-water (5:4:1) rev 
to 5 spots formed)....) 1.1 | 1.6,5.1, 0.7, 16.2,) 0, 34.2" yielded only spots corresponding to nicotinamide, riboside, and but 
6.9 24.9, 39.3 phosphate. The ribose to phosphate ratio was 1.0 to 1.1. lon 
16.2 Consequently the slowly moving unknown was identified as tha 
Yeast adenylic acid... 3.7 30.2 4.5 
ME i ee 8 3 25 5 0 A second sample of the purified aqueous solution of the slowly pes 
as 6.2 97.2 0 moving unknown was incubated with wheat leaf juice for 3 jul 
SS erin care, 11.4 17.5 0 hours under the same conditions. Inactivation was carried out jul 
Adenosine... . 1.3 31.9 22.0 by spotting the material directly on the filter paper for chroma- bre 
32.1 29.7 tography with both butanol-acetic acid-water (5:4:1) and eth- 
Nicotinamide........... 1.2 39.6 35.3 anol-0.1 m acetic acid (1:1). The chromatograms showed that it i 
Ribosyl nicotinamide...) 7.8 35.5 13.2 the rapidly moving unknown was derived from the slowly mov- citi 
NMN...............55. 1.3 26.5 4.2 ing unknown by the loss of orthophosphate. The compound nib 
* Spot Saint. responsible for the rapidly moving spot was identified as ribosy] pos 
nicotinamide. pH 
drolysis with wheat leaf juice yielded adenine and phosphate, The compounds listed in Table I as ribosyl nicotinamide and rib 
but no ribose was identified. Among the products of hydrolysis, _NMN were prepared from DPN by hydrolysis with wheat leaf yiel 
there was some evidence of a phosphate ester with an Rr value _ press juice. abs 
greater than orthophosphate when the paper was irrigated with Pathway of Hydrolysis of DPN—The data in Table II show was 
butanol-acetic acid-water. the composition of digests of DPN plus wheat leaf juice after ade 
Identification of Unknowns in DPN Digests—When DPN was _ various periods of time. The identification of the products by pyr 
incubated with wheat leaf juice, two unknown compounds were chromatography with butanol-acetic acid-water (5:4:1) was mu 
produced. When aliquots were spotted on filter paper and confirmed with ethanol-0.1 N acetic acid (3:1) and paper elec- py! 
irrigated with butanol-acetic acid-water (5:4:1), the unknown _ trophoresis. The presence of NMN in these preparations indi- are 
compounds appeared under ultraviolet light as purple spots cated the presence of a pyrophosphatase. In the early exper'- bs 
0 
TABLE II leaf 
Distance of travel in butanol solvent of compounds formed during hydrolysis of DPN by wheat leaf juice (hy 
Conditions: Schleicher and Schuell No. 589 orange ribbon filter paper irrigated 18 hours with n-butanol-glacial acetic acid-water sta 
(5:4:1). Distances are measured in cm. traveled by compound. ne 
i 
Sample Detected with ultraviolet light Detected with aniline phthalate agr 
cm. cm. cm. cm, cm. cm. cm. cm. cm. com. 
0-5. 3T 13.3 20.4 0 11.2 
0 3.0 7.0 13.9 21.0 3.0 7.1 11.5 6. 
0 3.5 7.0 13.9 21.2 27. 3.5 7.0 11.4 7 
* Digest: 1.2 ml. 0.1 M acetate buffer, pH 5.5, 0.3 ml. of dialyzed wheat leaf juice, 30 mg. of DPN. : 
+t Streaked spots which extend over the indicated distance. 10. 


ft Spots faint. 
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ments, no 5’-AMP was detected. Orthophosphate appeared in 
these preparations in the 3-hour samples, and it is probable that 
this was derived mostly from 5’-AMP. The early appearance 
of adenosine and ribose supports this conclusion. The apparent 
late appearance of NMN probably resulted from the lower 
sensitivity of the ultraviolet method of detection of nicotinamide 
derivatives compared with adenine derivatives. The size and 
intensity of the spots suggest that ribosyl nicotinamide was 
derived from the mononucleotide in these preparations. Free 
nicotinamide did not appear in large quantities in any of the 
experiments where aliquots were spotted directly on filter paper. 

Detection of 5’-AMP in DPN Digests—In the first experiments 
on the hydrolysis of DPN by wheat leaf press juice, no 5‘-AMP 
was detected. Earlier work on the wheat leaf phosphatases had 
revealed no effective inhibitors specific for this phosphatase (7), 
but it did show that this enzyme could be inactivated by pro- 
longed dialysis (15). Consequently, juice from leaves of plants 
that were 4 weeks old was dialyzed for 5 days. This juice was 
incubated with chromatographically pure DPN. 5/-AMP ap- 
peared in the initial samples from the digest with unheated 
juice but did not appear in a control experiment with heated 
juice. This result shows that 5’-AMP is an intermediate in the 
breakdown of DPN by wheat leaf press juice. 

Hydrolysis of ADP-Ribose—DPN was hydrolyzed by heating 
it in a boiling water bath for 5 minutes in a mixture of 0.1 M 
citrate and 0.1 m disodium phosphate of pH 7.6. The ADP- 
ribose formed was purified by paper electrophoresis and decom- 
posed in the presence of wheat leaf juice and 0.5 m acetate 
pH 5.6 by a pyrophosphatase which produced 5’-AMP and 
ribose 5-phosphate. These compounds were then hydrolyzed to 
yield the final products adenine, ribose, and phosphate. The 
absence of adenosine in these preparations was unexpected, but 
was probably the result of a relatively high concentration of 
adenosine nucleosidase compared with the concentration of 
pyrophosphatase present. Adenosine frequently did not accu- 
mulate in DPN digests containing fluoride, which inhibits the 
pyrophosphatase. The hydrolysis of 5’-AMP and ADP-ribose 
are inhibited by 0.5 m sodium arsenate. 

Properties of Enzymes which Hydrolyze DPN—For a survey 
of the pH range of the DPN pyrophosphatase activity of wheat 
leaf juice, 0.75 m citrate buffer at pH 3.9 or 5.7, and 0.5 M tris- 
(hydroxymethyl)aminomethane at pH 7.0 or 8.4 were used in 
standard digests. DPN and ADP-ribose were hydrolyzed much 
more rapidly at pH 5.7 or 7.0 than at pH 3.9 or 8.4. There was 
little or no hydrolysis of NMN at pH 8.4, a result which is in 
agreement with the restricted alkaline phosphatase activity 
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found in wheat leaf press juice. Very little adenosine nucleosi- 
dase activity was found at pH 8.4 compared with the other pH 
values tested. This result is in agreement with the observations 
of Miller and Evans (16). There was no evidence for the pres- 
ence of a DPNase at any pH tested. 

The data presented above indicate that the pyrophosphate 
bond of DPN is the point of attack by the enzymes of wheat leaf 
juice. Although the data of Kornberg and Pricer (5) suggest 
that this pyrophosphatase would be different from the inorganic 
acid pyrophosphatase present in the juice, inhibitors of the 
latter enzyme (7) were tested for their ability to inhibit DPN 
pyrophosphatase. Of these inhibitors, only fluoride, arsenate, 
metavanadate, and beryllium salts proved to be usable at 0.2 m 
concentration in the presence of DPN in standard digests. In 
the presence of phosphate, fluoride is an inhibitor of the DPN 
pyrophosphatase from potatoes (5). Since nicotinamide is 
frequently added to preparations for the study of dehydro- 
genases, and since it is a potent inhibitor of animal DPNase (17, 
18), but a much less active inhibitor of Neurospora DPNase (1, 
2), it was tested as an inhibitor of DPN breakdown by wheat leaf 
juice. Isonicotinic acid hydrazide (19) and phenosafranine (20) 
were also tested since they are DPNase inhibitors. 

Fluoride was the most effective inhibitor tested at a concen- 
tration of 0.2m. Arsenate and metavanadate were also effective 
at this concentration, but beryllium ion was only slightly inhibi- 
tory. No inhibition was demonstrated with 0.2 m nicotinamide, 
0.2 m isonicotinic acid hydrazide, or 0.02 m phenosafranine. 
These results support the hypothesis that the first enzyme to 
attack DPN is a pyrophosphatase rather than a DPNase. 


SUMMARY 


The pathway of hydrolysis of diphosphopyridine nucleotide 
by the enzymes of wheat leaf press juice has been studied with 
the use of paper chromatography and paper electrophoresis. 
The first enzyme to act on diphosphopyridine nucleotide is a 
pyrophosphatase which decomposes the diphosphopyridine 
nucleotide into adenosine 5’-phosphate and nicotinamide mono- 

These two compounds are then hydrolyzed by phos- 
The final products are adenine, ribose, phosphate, 
Adenosine diphosphate ribose is also 
The juice contains little or no 


nucleotide. 
phatases. 
and ribosyl nicotinamide. 
attacked by a pyrophosphatase. 
diphosphopyridine nucleotidase. 

The diphosphopyridine nucleotide pyrophosphatase is very 
active at pH 5.7 and 7.0, and less active at pH 3.9 and 8.4. It 
is strongly inhibited by fluoride. 
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Although recent evidence suggests that mitochondrial lipide 
plays an important role in the action of some cytochrome en- 
zymes (1—+), the presence of the lipide has been a deterrent to 
the purification of many of these enzymes. It has been the 
insolubility of the lipide-protein complex which has given sur- 
face-active agents a large part in the preparation of these en- 
zymes. Sodium cholate was the first agent used to obtain 
cytochrome oxidase in soluble form (5, 6), and later Wainio 
et al. (7) found some advantages in using sodium deoxycholate. 
A survey of surface-active agents made by Wainio and Aronoff 
(8) in 1955 showed that sodium deoxycholate was the most 
effective agent for solubilizing and activating cytochrome oxi- 
dase. 

Some of these agents have now been used in combination 
with sodium deoxycholate in an attempt to separate cytochrome 
oxidase from the other cytochrome enzymes of the heart muscle 
preparation. It was discovered that the only agent capable of 
improving the spectrum almost completely inactivated the 
enzyme. ‘This report describes the procedure used in the final 
purification step and the progress made in classifying the active 
factor removed. 


EXPERIMENTAL 


The insoluble heart muscle preparation containing cytochrome 
oxidase was made from beef heart by the method of Keilin and 
Hartree (9). The precipitate that formed on treatment with 
acetate buffer was suspended in 0.1 M NasHPO.-KH-2PO, buffer, 
pH 7.4. Protein was determined by the micro-Kjeldahl method 
and the suspension was adjusted to 25 mg. of protein per ml. 
with more 0.1 m buffer. 

Cytochrome oxidase was prepared from the heart muscle 
preparation with use of the sodium deoxycholate fractionation 
previously described (10). The preparation designated ‘‘Prep- 
aration 2-2”) was made by adding 2 per cent of deoxycholate 
to the insoluble preparation and then 2 per cent to the residue 
after centrifugation. The final supernatant was lyophilized 
and stored at 4°. 

Absorption spectra were determined over the range of 400 to 
625 mu at maximal sensitivity of the Beckman spectrophotom- 
eter and at 5-muyu intervals, except that 2-my intervals were 
used over the peaks. 

The activity of cytochrome oxidase was measured spectro- 
photometrically (11). A Sigma preparation of cytochrome c, 
66 per cent pure by spectral analysis, was dissolved in water 


* Supported by a grant-in-aid from the New Jersey Heart 
Association. 

+ Present address, Graduate Department of Biochemistry, 
Brandeis University, Waltham, Massachusetts. 


(1 mg. of cytochrome c¢ per ml. of water) and diluted with an 
equal volume of 0.38 mM Na2s,HPO-KH2PO, buffer (final pH in 
the cuvette is 6.0). Reduction was carried out with sodium 
dithionite, and the excess dithionite was removed by aeration 
for 5 minutes. 2 ml. of this solution were pipetted into a cuvette, 
0.9 ml. of water was added, and finally 0.1 ml. of a cytochrome 
oxidase solution. Where additional factors were tested, the 
volume of water was correspondingly reduced. The rate of 
reaction was followed at 550 my with a slit width of 0.02 mm. 
Zero time was taken as the time of inversion of the covered 
cuvette immediately after the addition of oxidase. The time 
was recorded for 3.5 minutes at density values of 0.600, 0.575, 
0.550, and so on. The density of the sample, fully oxidized 
with potassium ferricyanide, was recorded, and the rate constant 
calculated, with the use of 0.277 x 10° and 0.092 x 10° cm? 
per mole as the molar extinction coefficients (et) for the 
reduced and oxidized forms, respectively, of cytochrome c (12). 

The cellulose column used in the purification of cytochrome 
oxidase was made with a slurry of Whatman cellulose powder in 
water. A 12-cm. column, 2 cm. in diameter, with Pyrex wool 
at the base was used and was washed with 0.1 mM NaoHPO- 
KH.PO, buffer, pH 8.00. 10 ml. of an insoluble preparation 
were extracted with 2 per cent of sodium deoxycholate and 
centrifuged at 25,000 x g for 40 minutes. The residue was 
homogenized with 5 to 7 ml. of buffer, pH 8.00, and the sus- 
pension was added to the top of the column. After 30 ml. of 
buffer had been passed through, 50 ml. of one of the surface- 
active agents listed below were added. Another 30 ml. of 
buffer were passed through and the yellowish green oxidase 
band was finally eluted with 1.5 per cent deoxycholate. These 
preparations were usually lyophilized within 3 to 4 days, since 
gelatinous clumps formed quickly, probably because of bacterial 
contamination. 

The surface-active agents tested were 50 per cent alkylphenol 
ethylene oxide (nonionic, Antara), 5 per cent saponin (Merck), 
5 per cent polyoxyethylene lauryl alcohol (nonionic, Atlas), 5 
per cent polyethoxylated alkylphenol (nonionic, Antara), 3 per 
cent sodium taurocholate (anionic, Merck), 4 per cent sodium 
cholate (anionic, General Biochemicals), and sodium deoxy- 
cholate (anionic, Difco). 

The separation of the phospholipides of beef brain was carried 
out on silicic acid columns (Mallinckrodt, analytical reagent, 
100 mesh) according to the method of Hanahan et al. (13). 
The elution pattern was followed by determining phosphate 
on each fraction by the method of Fiske and SubbaRow (14). 

Paper chromatography of the phospholipides was carried out 
with diisobutyl ketone! acetic acid-water on silicic acid impreg- 


1 Obtained from Mallinckrodt. 
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nated paper as described by Marinetti and Stotz (15). Lipide 
spots were detected by staining with Rhodamine 6G (16). 
Choline-containing lipides were developed with phosphomolyb- 
dic acid and subsequent reduction with stannous chloride ac- 
cording to Levine and Chargaff (17). Free amino groups were 
stained with ninhydrin (16). The presence of plasmalogens in 
the lipides was detected by developing chromatograms with 
Schiff reagent and mercuric chloride in sulfurous acid to identify 
aldehydes. Ester-phosphate ratios were calculated by the 
method of Rapport and Alonzo (18). 

Deoxycholate was determined by the method of Szalkowski 
and Mader (19) as adapted by Kremzner (20). 

Practical animal lecithin (Kodak) was purified on a silicic 
acid column. Lysolecithin was prepared from beef brain 
lecithin by hydrolysis with snake venom (Crotalus adamanteus) 
according to the method of Hanahan et al. (21). Cephalin 
plasmalogen was obtained from beef brain. 


RESULTS 


The idea of a cellulose column as an inert support for the 
insoluble heart preparation originated as a means of getting a 
cleaner fractionation of cytochrome oxidase when sodium de- 
oxycholate was used alone. It became evident, however, that 
concentrations high enough to elute the oxidase, solubilized 
other cytochrome enzymes and produced a spectrum which 
was similar to that of a “Preparation 2-2” (Fig. 1, Curve A). 
In the search for other surface-active agents which might remove 
contaminating enzymes Wainio and Aronoff (8) found that 
several agents had considerable activating power with little 
solubilizing effect on cytochrome oxidase. Those surface-active 
agents listed in the previous section were chosen and tested at 
their optimal activating concentration on the cellulose column. 
Only with sodium cholate did the spectrum (Fig. 1, Curve B) 
differ from that obtained with deoxycholate alone. This prep- 
aration will be designated as ‘‘Preparation 2-4-1.5,”’ since 2 per 
cent deoxycholate, 4 per cent cholate, and 1.5 per cent deoxy- 
cholate were used in the purification. The bulge at 420 mu 
on the Soret peak was removed, and the 520 my and 560 mu 
bands were flattened. Increasing the cholate concentration 
brought about no further improvement, and replacement of the 
cellulose column procedure by centrifuging resulted in a solu- 
tion similar to a “Preparation 2-2.” Table I presents the 
analyses of some of these preparations. Mlarinetti et al. (22) 
analyzed their cytochrome oxidase preparation for lipides and 
found high concentrations of lecithin and phosphatidvlethanol- 
amine. Kremzner (20) verified this finding with a ‘“Prepara- 
tion 2-3,” but it has not been determined for a “Preparation 
2-4-1.5." A “Preparation 2-2” spotted directly on paper gave 
rise to two lipide spots on chromatography, but a ‘Preparation 
2-4-1.5’’ (containing 1.5 times as much protein per ml.) showed 
no lipide with the rhodamine dye. 

“Preparations 2-4-1.5” were found to have very little cyto- 
chrome oxidase activity. Since high concentrations of deoxy- 
cholate are known to inhibit cytochrome oxidase activity, 
Amberlite XE-98 was used to reduce the amount of deoxy- 
cholate (20). No increase in activity resulted. Attempts to 
restore activity with the cholate or deoxycholate extracts were 
more successful as shown in Table IT. 

Characterization of the 2 per cent deoxycholate extract led 


? Personal communication from the laboratory of M. H. Hack. 
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Fic. 1. Spectra of two cytochrome oxidase preparations in 


the reduced state; Curve A, ‘‘Preparation 2-2’’; Curve B, ‘‘Prep- 
aration 2-4-1.5.” 


TABLE I 
Analyses of cytochrome oxidase preparations 


Preparation | | Protein 
| | 
dry pg./mg. dry wt. 

2-2* (fresh) | 384 3.5 
2-2* (2-yrs.-old) 3.6 | 110 384 3.5 
2-4-1.57 (No. 177) 0.2 | 33 349 10.6 
2-4-1.5 (No. 184)| 0.3) | 34 329 9.7 


* 2 per cent deoxycholate to the particles and 2 per cent deoxy- 


cholate to the residue after centrifugation. 


t 2 per cent deoxycholate to the particles, 4 per cent cholate to 


the residue placed on a column after centrifugation, and then 1.5 
per cent deoxycholate to elute the eytochrome oxidase. 


TABLE II 


Reactivation of cytochrome oxidase with cholate 
and deoxycholate extracts 


Preparation Velocity constant 
10°% sec. 
2% deoxycholate extract................. 2.68 


2-4-1.5 + 2° deoxycholate extract....... 
2-4-1.5 + 4% cholate extract............. 


to the conclusion that the activator was not protein in nature. 
Moreover, extracts of the insoluble heart muscle preparation 
made with petroleum ether, diethyl ether, isooctane, or heptane 
were unable to reactivate the ‘‘Preparation 2-4-1.5.” <A clue 
to the nature of the activator appeared when n-butanol was 
found to remove the factor from the 2 per cent deoxycholate 
extract. Since n-butanol is known to extract phospholipides, a 
series of related compounds was tested. Oleic acid, cholesterol, 
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TABLE III 


Reactivation of cytochrome oxidase with crude phospholipides and 


purified lecithin 


Lipide Requirement for Cytochrome Oxidase Activity 


Additions* to Preparation 2-4-1.5 (No. 177) Velocity constant 

sec.'/mg. protein/ml. 
+ Inositol phosphatide.................. 1.9 


* 0.2 mg. of phospholipide per cuvette. 


TABLE IV 
Analyses of phospholipides 


The intensity of color in the chromatographic spots was esti- 
mated as: strong (+++), moderate (++), light (+), very faint 


(+), absent (—). 


ratio spots 
Crude lecithin. ......) +++ 3 
Purified lecithin. ....) +++ | 2040 1 
Purified lysolecithin... +++ | 980 1 
Phosphatidylserine*... + +++; + 1880 1 
Phosphatidyletha- | 
+ +++ 1550 
Inositol phospha- | 
Cephalin plasma- | 


* Folch fractions obtained from Donald Feldman, Veterans 


Administration Hospital, East Orange, New Jersey. 


TABLE V 


Reactivation of cytochrome oxidase with purified phospholipides 


Preparations 
Additions* 

2-4-1.5 2-4-1.5 2-2 

(No. 184) (No. 177) (No. 147) 

| sec.1/mg. sec.'/mg. sec.!/mg. 

protein/ml. protein/ml. protein/ml. 
Purified lecithin............. 0.9 0.6 4.6 
Purified lysolecithin......... 3.1 4.4 
Phosphatidylserine.......... 6.7 2.7 8.4 
Phosphatidylethanolamine . . | 4.0 1.4 4.4 
Cephalin plasmalogen....... | 2.5 6.0 
Comme ............. | 4.6 6.8 


*(.012 mg. phospholipide phosphorus per cuvette, except 
crude lecithin of which 0.25 mg. per cuvette was added. 


tocopherol, tocopherol phosphate, menadione, vitamin K,, 
phosphorylcholine, n-butyl stearate, and methy! linoleate were 
without effect. Table III sets forth the first activators dis- 
covered. 

The fact that purified lecithin was less active than was the 
crude material suggested that the factor might be a contaminant 
common to all activators. The phospholipides were analyzed 
and the data are listed in Table IV. The ester: phosphate ratios 
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of lecithin and lysolecithin suggest high purity, whereas the 
same ratios for phosphatidylserine and_ phosphatidylethanol- 
amine show probable contamination with their respective plas. 
malogens. The inositol phosphatide appears to be half cephalin, 
A comparison of the activating effect of the purified phospho- 
lipides is shown in Table V. Crude lecithin is included as a 
reference because it served as a standard until its activating 
power was surpassed by phosphatidylserine. The results sug- 
gest that activation by phospholipides may not be very specific, 
Phosphatidylserine was the best activator tested, and _phos- 
phatidylethanolamine and lysolecithin were also quite active. 
The cephalin plasmalogen was not as effective as the cephalings 
themselves. It would appear that the ability of practical 
lecithin to activate cytochrome oxidase was due, in part, to its 
lysolecithin content, but other impurities were not characterized, 
Nygaard and Sumner (23) first postulated a lecithin requirement 
between succinic dehydrogenase and cytochrome c, and recently 
the possibility of a role for lysolecithin in regulating oxidative 
phosphorylation has been discussed by Witter et al. (24). 

Since the removal of phospholipide seemed to influence enzyme 
purification, cellulose column chromatography was used with 
various concentrations of n-butanol before the cholate wash. 
At low concentrations (3 to 5 per cent) butanol caused no spectral 
improvement. The band removed by deoxycholate after 7 to 
8 per cent butanol and 4 per cent cholate had a Soret peak near 
430 my, although the a-peak remained at 602 mu. Higher 
concentrations of butanol changed the character of the prep- 
aration so that it could no longer be eluted with sodium deoxy- 
cholate. The effect of lysolecithin on the ‘Preparation 2-4-1.5” 
suggested tha. heart muscle particles might be more easily 
solubilized after treatment with lecithinase A. Incubation with 
snake venom for 2 hours after the first deoxycholate extraction 
caused no improvement in the final preparation, however. 

These data seem to parallel the findings of Widmer and Crane 
(4). The lipide of their lipide-soluble cytochrome c is concen- 
trated in the cephalin fraction obtained from a silica gel column. 
The “electron transport particle’? requires no cytochrome c for 
the oxidation of DPNH until after isooctane extraction. In 
order to obtain activity, water-soluble cytochrome ¢ was added. 
However the activity could not be restored after a second ex- 
traction unless lipide-soluble cytochrome ¢ was added. The 
“Preparation 2-2” of cytochrome oxidase requires water-soluble 
cytochrome c for activity, and spectrally it appears to be free of 
cytochrome c. Sodium cholate apparently removes the last 
trace of lipide necessary for interaction between cytochrome ¢ 
and oxidase. Whether this lipide is necessary for the correct 
spatial configuration of the enzymes, or is the attachment point 
for their interaction, or whether it is actually involved in elec- 
tron transport is not known. 


SUMMARY 


A number of surface-active agents have been tested in com- 
bination with sodium deoxycholate for the purification of cyto- 
chrome oxidase. From among these agents, only sodium cholate 
improved the spectrum. The resulting preparation had, how- 
ever, a markedly reduced cytochrome oxidase activity. Re- 
activation was accomplished by adding either a 2 per cent de- 
oxycholate extract of heart muscle particles or any one of 4 
number of crude and partially purified phospholipides. The 
most active preparation was a phosphatidylserine fraction 
from brain. 
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Studies on Succinic Dehydrogenase* 


X. REACTIVITY WITH ELECTRON CARRIERS IN RESPIRATORY CHAIN PREPARATIONS 
FROM HEART 
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(Received for publication, July 31, 1958) 


Although artificial electron carriers have been widely used for 
the assay of dehydrogenases linked to the respiratory chain, such 
as succinic dehydrogenase, little effort has been made to define 
the site of action of various electron carriers in the chain. Asa 
result, it is often difficult to decide whether inhibitory or stimu- 
latory effects noted in experiments carried out with the use of 
artificial electron acceptors are referable to the dehydrogenase or 
to some other component of the electron transport system. Fur- 
ther, since a number of electron carriers has been used in various 
laboratories for the assay of the dehydrogenase in particulate 
preparations, and since it is usually not known for any animal 
tissue what fraction of the dehydrogenase activity is measured by 
these electron carriers, it is impossible to evaluate data in the 
literature on the activity of the enzyme in various tissues. 

The specificity of soluble, purified succinic dehydrogenase from 
mammalian heart for electron carriers has been reported in detail 
(2). Claims of the isolation of soluble preparations of the heart 
enzyme with different specificities for electron carriers! (3) have 
been subsequently abandoned and were, apparently, due to 
differences in assay techniques rather than to differences in the 
methods of isolation (4, 5). There remain, however, numerous 
reports in the literature that various particulate preparations of 
succinic dehydrogenase from heart and bile salt extracts thereof 
have widely differing reactivities with different dyes. It ap- 
peared possible that the reason for these apparent differences 
might again be in the different assay techniques employed in the 
individual laboratories. In fact, most investigators have meas- 
ured the rate of succinate oxidation at a single, arbitrarily chosen 
concentration of electron acceptor, which may have been so low 
for one acceptor as to measure only a fraction of the true activity 
and so high for another that the enzyme was seriously inhibited 
(Fig. 1). As we have discussed in detail elsewhere (2), reliable 
turnover rates with oxidizing enzymes may only be derived from 
maximal activities at extrapolated infinite concentration of the 


* Supported by grants from the National Heart Institute, 
United States Public Health Service, and the American Heart 
Association, and by a contract between the Office of Naval Re- 
search, Department of the Navy, and the Edsel B. Ford Institute 
for Medical Research, Nonr-1656(00). A preliminary report has 
been published (1). 

+ Fulbright Fellow. Present address, Department of Biochem- 
istry, Albert Einstein College of Medicine, Yeshiva University, 
New York, New York. 

t Established Investigator of the American Heart Association. 

1Y. L. Wang, C. L. Tsou, and C. Y. Wang, results presented 
at the 3rd International Congress of Biochemistry, Brussels, Au- 
gust 5, 1955. 


electron carrier, whenever the enzyme shows a finite affinity for 
the carrier. | 

It will be shown in this paper that the fraction of succinic de- 
hydrogenase activity measured by a given dye which reacts di- 
rectly with, or close to the level of, the dehydrogenase in the 
respiratory chain is a constant figure, independent of the method 
of preparation, but that the maximal activity (Vmax) measured 
varies with the individual electron carrier. 


EXPERIMENTAL 


Solutions of methylene blue (Merck and Company), brilliant 
cresyl blue (British Drug Houses, Ltd.), and 2,6-dichlorophenol- 
indophenol (General Biochemicals, Inc.) were used within two 
days of preparation. ‘The enzyme preparations used were iso- 
lated as follows: Preparation from beef heart according to Slater’s 
modification (6) of the procedure of Keilin and Hartree (7); suc- 
cinic oxidase from beef heart according to Ball and Cooper (8); 
the Ball-Cooper deoxycholate extract was Extract 1 (9); succinic 
dehydrogenase complex was isolated by the ‘“‘one-step”’ procedure 
(10) from beef heart mitochondria (11); and the preparation of 
Neufeld et al. (12) was isolated from pig heart by Method A of 
these authors through stage IV. 

Each preparation was checked in each assay method for the 
variation of the activity with the concentration of the electron 
carrier. The activity was expressed as Vinay at extrapolated 
infinite concentration of the electron carrier or acceptor. Spectro- 
photometric measurements were carried out in a thermostated 
Beckman model DU spectrophotometer or Process and Instru- 
ments Company model RS-3 recording spectrophotometer. In 
order to allow sufficient latitude in the variation of the dye 
concentration, the changes in absorption with low dye concen- 
trations were measured at the absorption maximum of the dye 
employed; with high dye concentrations the absorption was fol- 
lowed at another wave length, suitable correction being made for 
the differences in the absorption at the respective wave lengths. 
All other materials and methods were as previously described 
(2, 13, 14). 


RESULTS AND DISCUSSION 


Table I summarizes the relative activities of a typical Keilin- 
Hartree preparation with a number of commonly employed elec- 
tron acceptors for the oxidation of succinate and electron donors 
for the reduction of fumarate. It is seen that even when the 
activities are expressed at infinite concentration of the carrier, 
which eliminates variations due to affinity constants and inhi- 
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DYE CONCENTRATION 

Fic. 1. Examples of the unreliability of succinic dehydrogenase 
assays conducted at single dye concentration. A. Keilin-Hartree 
preparation from beef heart, Yo2 = 1400 in the phenazine metho- 
sulfate assay. Conditions: 10-2 M cyanide, 5 X 10-2 m phosphate, 
pH 7.6, and 2 X 10-? M succinate; total volume, 3 ml.; temperature, 
38°. Manometric measurement of initial rate of O2 uptake. Ab- 
scissa, reciprocal of dye concentration (ml. of 1 X 10-? m brilliant 
cresyl blue present in 3 ml.); ordinate, reciprocal velocity in ul. 
of O2 uptake per minute per ml. of enzyme preparation. The 
arrow points to a brilliant cresyl blue concentration frequently 
employed in the literature; at that concentration 7.6 per cent of 
the maximal activity measurable with this dye is registered. 

B. Succinic dehydrogenase of the Neufeld et al. type. Con- 
centrations as in A, except that the buffer was 3 X 107? m phos- 
phate, pH 7.4; 4 mg. of crystalline serum albumin were present 
per 3-ml. volume, and 2,6-dichlorophenolindophenol was the ac- 
ceptor. The rate of reduction of the dye during the Ist minute 
of the reaction was measured in a recording spectrophotometer, 
and the rate has been replotted with the abscissa denoting recipro- 
eal indophenol concentration (ml. of 1.2 K 10-3 mM dye present in 
3 ml.) and the ordinate, reciprocal velocity (umoles of succinate 
oxidized per 5 minutes per ml. of enzyme). The arrow points to 
the concentration employed in the literature and registers 5.7 per 
cent of maximal velocity attainable at infinite indophenol con- 
centration. 


bition at high dye concentrations, different electron carriers by 
no means measure the same fraction of the total activity. In 
this, as in all other types of particulate preparations from heart 
which have been tested in this laboratory, phenazine metho- 
sulfate registers the highest activity. In very fresh Keilin-Har- 
tree preparations, saturated with externally added cytochrome c, 
the oxidation of succinate via the complete respiratory chain is 
almost, but not quite, as fast as with phenazine methosulfate. 
After 24 hours of aging the preparation in the cold the ratio of 
succinic oxidase to succinate-phenazine methosulfate activities 
may decrease significantly. Methylene blue, brilliant cresyl 
blue, and 2,6-dichlorophenolindophenol, dyes commonly em- 
ployed for the assay of the dehydrogenase in particulate prepara- 
tions, even at extrapolated infinite concentration measure a rela- 
tively small part of the potential activity of the enzyme. Thus 
they are not well suited for the quantitative measurement of the 
effect of inhibitors or activators on the enzyme (15), since in 


assays employing these the reaction of the respiratory chain with 


the dye rather than the turnover rate of the dehydrogenase is the 
limiting factor. 

The reaction rate in the phenazine methosulfate assay in Table 
I does not represent the full activity of succinic dehydrogenase 
in this type of preparation, since no attempt was made to pre- 
activate the enzyme (15) before assay. With all preparations 
tested incubation of the enzyme aerobically with 0.1 m phosphate 
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TABLE I 
Activities of Keilin-Hartree preparation from beef heart with 
various electron carriers at 38° 

The figures listed are Vmax values for a fresh preparation in 0.05 
M phosphate, pH 7.6, in the presence of 0.02 mM succinate or 0.033 m 
fumarate. Qo, values are based on dry weight, uncorrected for 
lipides. Except for the last two lines in the Table the oxidation 
of succinate was measured. With O:2 as the acceptor (‘‘succinie 
oxidase’’ system) 0.4 mg. of cytochrome ¢ was also present. The 
assays with phenazine methosulfate, methylene blue, brilliant 
cresyl blue, and indophenol were in the presence of 0.001 m HCN. 
The reduction of fumarate with reduced flavin mononucleotide or 
leucomethy!l viologen as electron donors entailed the measurement 
of Hz uptake with excess hydrogenase (14). 


Electron acceptor or donor | Ro, Substrate removed 

| umoles/mg./hour 
Phenazine 1237 55.2 
Methylene blue................... 239 10.7 
2,6-Dichlorophenolindophenol .... 8.3 
Brilliant cresyl 107 4.8 
Reduced flavin mononucleotide... 2.3 
Leucomethyl viologen............ | 2.0 


TABLE II 
Relative activities of various particulate preparations from 
heart tissues with different acceptors* 


Brilli- 


Type of preparation “Tene | Ferri, | Indo. 
sulfate | lue | 
Keilin-Hartree.......... 95 24 9 54 15 
Ball-Cooper, — succinic | 
MNS. | 100 | 56 | 16 6 | 48 | 2 
Ball-Cooper, deoxychol- | | | 
ate extract:.......... 100 50 15 
Green, succinic dehydro- , | | | | 
genase complex....... | 100; 0 | 23 | 10 | 72 10 
Neufeld ef al., Prepara-_ | | | 
tion <A (cholate- | | | | | | 
100; O 8 | 68 | 30 


* All activities are Vinax Values at 38°, pH 7.6. 


or anaerobically with low concentrations of succinate at 25-38° 
regularly resulted in a 10 to 16 per cent increase in activity in 
subsequent assays with phenazine methosulfate or with O, as the 
acceptor. Full activation is not reached in the course of the 
assay, despite the presence of succinate and the high rate of the 
activation process at 38°, because, at least in heart preparations, 
the catalytic cycling of the enzyme prevents the attainment of 
full activation (15). 

Table II summarizes the results of a large number of experi- 
ments on the relative reaction rates of succinic dehydrogenase 
from beef and pig heart in various types of preparations? with a 
series of electron acceptors. The figures are average values for 
several preparations, but very little variation was found in any 
given assay from preparation to preparation. The preparations 


2 The preparations listed in Table II are all considered particu- 
late for reasons set forth elsewhere (16). 
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listed cover a wide range. Some (Keilin-Hartree and Ball- 
Cooper succinic oxidases) contain all known members of the re- 
spiratory chain; succinic dehydrogenase complex contains all 
known members of the cytochrome chain up to cytochrome c 
(17); whereas the Ball-Cooper extract and the Neufeld e¢ al. 
succinic dehydrogenase are essentially devoid of cytochromes b 
and c. Notwithstanding these differences in composition, all 
preparations showed essentially the same relative reactivities 
with methylene blue, brilliant cresyl blue, and phenazine metho- 
sulfate. This finding suggests that, like phenazine methosulfate, 
the other two dyes also react close to the primary dehydrogenase 
in the respiratory chain and not past the level of cytochrome ), 
as previously supposed for methylene blue (6, 18). Data to be 
presented in the next paper (19) and information previously pre- 
sented (16) indicate that the reaction site(s) of methylene blue 
and brilliant cresyl blue are not identical with those of phena- 
zine methosulfate in the respiratory chain. Another electron 
carrier which exhibits such constancy of activity, relative to 
phenazine methosulfate, in various particulate preparations is 
reduced flavin mononucleotide, which reacts, in fact, directly 
with the primary dehydrogenase (16). In Keilin-Hartree and 
Ball-Cooper succinic oxidases and in succinic dehydrogenase 
complex (4) it shows 4 to 5 per cent of the activity (fumaric re- 
ductase test) given by phenazine methosulfate. In contrast, 
acceptors like O2 and cytochrome c show variations from a very 
high activity to none in different preparations, depending on the 
degree of intactness of the respiratory chain. The same is true 
of various tetrazolium derivatives which are still in use in some 
laboratories for the presumed assay of ‘‘succinic dehydrogenase,”’ 
despite the fact that they do not react with the primary dehy- 
drogenase from animal tissues (2, 13) and that their reduction 
by succinate is antimycin-sensitive (20, 21) and apparently re- 
quires the presence of a dissociable heat-labile factor in the 
preparation (20, 22). 

Among the compounds listed in Table II ferricyanide and di- 
chlorophenolindophenol also show appreciable variation of re- 
activity in different types of particulate preparations. Since 
the activity of ferricyanide in mitochondrial preparations from 
animal tissues is partially antimycin-sensitive (23), it is clear 
that, in addition to accepting electrons from the primary de- 
hydrogenase (2), it has a second reaction site further on in the 
chain which may be removed or inactivated by purification of 
the particulate enzyme, thereby lowering the activity with ferri- 
cyanide to the level given by the primary dehydrogenase. The 
variations found with dichlorophenolindophenol might also indi- 
cate more than one reaction site in the respiratory chain, a pos- 
sibility compatible with its high oxidation-reduction potential. 

From the data presented it appears that the phenazine metho- 
sulfate assay provides the best available method for the meas- 
urement of succinic dehydrogenase activity in particulate prepa- 
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rations from mammalian heart, but the assay of the full activity 
of the dehydrogenase requires preliminary activation under 
suitable conditions (15). It must be emphasized, however, that 
it cannot be taken for granted that the phenazine methosulfate 
assay is capable of measuring the full activity of the dehydrogen- 
ase in all animal tissues. Unpublished experiments, in fact, 
suggest that pig brain mitochondria, supplemented with cyto- 
chrome c, oxidize succinate twice as rapidly by way of the com- 
plete cytochrome chain as with phenazine methosulfate as the 
acceptor. The probable explanation of this finding is that in 
heart preparations, wherein phenazine methosulfate registers a 
succinic dehydrogenase activity slightly in excess of succinic 
oxidase activity, the dye has two reaction sites, as documented 
in the next paper (19). One of these sites is on the primary de- 
hydrogenase and is retained on solubilization; the other one is 
abolished by incubation with cyanide; and the two sites contrib- 
ute equally to the measured activity. In brain mitochondria the 
oxidation of succinate with phenazine methosulfate as acceptor 
is unaffected by cyanide.* Thus, with all animal tissues other 
than heart it remains necessary to ascertain that the succinic 
oxidase activity does not exceed the dehydrogenase activity in 
the phenazine methosulfate assay in fresh, metabolically intact, 
and fully activated preparations before this dye can be relied 
upon to measure the activity of the dehydrogenase. 


SUMMARY 


1. The relative activities of a number of artificial and natural 
electron carriers have been compared at infinite concentrations 
with typical Keilin-Hartree preparations from heart in order to 
ascertain their suitability for the measurement of succinic de- 
hydrogenase activity. Only phenazine methosulfate was found 
capable of catalyzing the oxidation of succinate at a rate equal 
to or exceeding the activity of the succinic oxidase system. 

2. The apparent succinic dehydrogenase activities of a number 
of particulate succinic oxidase and succinic dehydrogenase prep- 
arations from mammalian heart were compared in assays in- 
volving typical electron acceptors commonly employed in the 
assay of the dehydrogenase. It was found that methylene blue, 
brilliant cresyl blue, phenazine methosulfate, and reduced flavin 
mononucleotide show the same relative activities regardless of 
the nature of the preparation, whereas the activities with ferri- 
eyanide and 2,6-dichlorophenolindophenol varied appreciably 
with the nature of the preparation. ‘These findings are inter- 
preted in terms of the reaction sites of the various electron car- 
riers in the respiratory chain. 

3. It is emphasized that although phenazine methosulfate pro- 
vides the best known assay for succinic dehydrogenase in animal 
tissues, it does not necessarily measure the full activity of th 
enzyme in tissues other than heart. : 
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In 1951, Tsou (2) reported that upon incubation of heart 
muscle preparations with moderately high concentrations of 
cyanide, the succinate-methylene blue reaction was gradually 
abolished. The inactivation followed first order kinetics and 
its rate was dependent on temperature as well as cyanide con- 
centration but was pH-independent. The inactivation was pre- 
vented by agents capable of reducing the enzyme (hydrosulfite, 
succinate), but attempts to reverse it met with failure. Tsou 
interpreted these findings as indications that there is a slow com- 
bination of cyanide with the oxidized form of a prosthetic group 
of succinic dehydrogenase and that the resulting combination is 
enzymatically inactive. 

Since the time these data were reported the prosthetic groups 
of succinic dehydrogenase have been identified, and assays have 
been elaborated for the dehydrogenase from heart which greatly 
surpass in reliability the Thunberg-methylene blue method used 
by Tsou. It seemed of considerable interest, therefore, to ex- 
tend Tsou’s studies in the light of current knowledge of the en- 
zyme. In particular, since methylene blue does not react at 
significant rates with the soluble enzyme from heart, and since 
soluble preparations are completely insensitive to cyanide in all 
assays capable of measuring their activity (3), it seemed possible 
that the cyanide effect might serve to prove that methylene blue 
and related dyes do not react with the dehydrogenase directly, 
even in organized enzyme systems. As reported in this paper, 
the cyanide inactivation is, indeed, a very useful method for the 
further localization of the reaction sites of various electron carriers 
in the respiratory chain. Its use has permitted the demonstra- 
tions that (a) the reaction sites of methylene blue and _bril- 
liant cresyl blue are not identical with those of phenazine meth- 
osulfate in heart muscle preparations; (b) that phenazine 
methosulfate has two reaction sites in such preparations; and 
(c) that the cyanide inactivation is not a general characteristic 
property, either of succinic dehydrogenase or of the succinic 
oxidase system, since highly active succinic oxidase preparations 
from yeast and mammalian brain are not inactivated by cya- 
nide in the succinate-methylene blue reaction. 


* Supported by grants from the National Heart Institute, 
United States Public Health Service, and the American Heart 
Association, and by a contract between the Office of Naval Re- 
search, Department of the Navy, and the Edsel B. Ford Institute 
for Medical Research, Nonr-1656(00). A preliminary report has 
been published (1). 

t Fulbright Fellow. Present address, Department of Biochem- 
istry, Albert Einstein College of Medicine, Yeshiva University, 
New York, New York. 

t Established Investigator of the American Heart Association. 


EXPERIMENTAL 


Materials and Methods 


Antimycin A was purchased from the Wisconsin Alumni Re- 
search Foundation and DPNH from the Sigma Chemical Com- 
pany. All other materials and methods were as described or 
referred to in the preceding paper (4), except as noted below. 
Yeast granules were isolated from Red Star bakers’ yeast by a 
method similar to that described by Utter et al. (5). Yeast in 
4-gm. lots was suspended in 1 per cent NaCl-0.002 m ethylene- 
diaminetetraacetate (pH 7.5) to give a volume of 10 ml. and 8.5 
ml. of precooled Ballotini No. 12 beads were added. The sus- 
pension was placed into the stainless steel capsule of a Nossal 
shaker (6), cooled to —1°, and the shaker was operated for three 
20-second periods at an ambient temperature of —10° at 6000 
cycles per minute. Between shaking periods the suspension was 
cooled to —1°. After the last period of shaking, the contents of 
the capsule were made to about 40 ml. with 0.054 m phosphate, 
pH 7.5. Residual cells were removed by 4 minutes of centrifu- 
gation at 1350 x g, and the particles collected on further centrif- 
ugation for 15 minutes at 81,000 x g were resuspended in 9 ml. 
of 0.054 m phosphate and used immediately. 

The technique of the quantitative measurement of the cyanide 
inactivation was as follows. The enzyme preparations, as soon 
as possible after their isolation, were diluted with an equal volume 
of 0.2 m buffer (usually phosphate), the pH of the buffer having 
been selected, on the basis of prior measurements, so as to give 
the desired pH in the presence of the enzyme at the temperature 
of the incubation. After incubation of the mixture for a few 
minutes, sufficient to reach temperature equilibrium, a quantity 
of cyanide (usually 0.1 volume) was added to the experimental 
sample and a similar volume of buffer to the control sample. 
The pH of the cyanide had been previously adjusted to the pH 
desired in the incubation mixture. At suitable periods, including 
zero time, aliquots were removed from each tube and rapidly 
cooled to 0° to stop the inactivation. This method was feasible 
in view of the high temperature coefficient of the cyanide inacti- 
vation (2). As soon as practicable the cooled aliquots were 
assayed for residual succinic dehydrogenase activity at a series 
of concentrations of electron acceptors. The results were ex- 
pressed as maximal velocity (Vmax) at infinite concentration of 
each electron carrier. The amount of cyanide present during 
activity determinations did not cause further inactivation in view 
of its low concentration (10-3 m) and the very short assay periods. 
Inactivation was expressed in relation to the activity of a simi 
larly incubated control sample, since a slight (10 to 15 per cent) 
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increase in activity of the control occurred usually over long 
incubation periods as a result of the activation process (4, 7) and 
since at pH values of 8.5 and above a slight inactivation of the 
control occurred. The latter, however, followed a reaction of 
zero order and was readily corrected for. In view of the great 
dependence of the rate of inactivation on pH, the pH of aliquots 
of the incubation mixture was checked and was found to agree, 
within the limits of error of the instrument used, with that at the 
start of the incubation period. 
RESULTS 

Cyanide Effect in Particulate and Soluble Preparations—Condi- 
tions considerably more drastic than those necessary to obtain 
complete inactivation of the succinate-methylene blue reaction 
in particulate preparations (150 minutes of incubation with 0.02 
to 0.03 m cyanide at pH 7.6, 30°) failed to bring about any in- 
activation of the soluble, purified heart enzyme (8), as measured 
in the phenazine methosulfate assay for succinic dehydrogenase 
activity. It was logical to inquire, therefore, whether the inac- 
tivation of particulate heart muscle preparations by cyanide 
would be manifest in the phenazine methosulfate assay or 
whether the effect could be observed only when succinate oxida- 
tion is measured with methylene blue or related dyes as electron 
acceptors. As shown in Fig. 1, the incubation of Keilin-Hartree 
preparations from heart with cyanide affects the oxidation of 
succinate with phenazine methosulfate as acceptor in two ways. 
First, there is a marked decrease in the apparent affinity of the 
dye for the enzyme, resulting in a great increase in slope in the 
double reciprocal plot of activity versus dye concentration. Sec- 
ond, a considerable inactivation occurs, as judged by the decrease 
in the Vmax Value. 

Extent of Inactivattion—Comparison of the rates of inactivation 
of the succinate-methylene blue and succinate-phenazine metho- 
sulfate reactions during the incubation of Keilin-Hartree prepara- 
tions with cyanide (Fig. 2) revealed the following differences. 
Although the inactivation of the succinate-methylene blue reac- 
tion followed first order kinetics and reached completion within 
the error of the assay method, in confirmation of the results of 
Tsou (2), the loss of activity in the phenazine methosulfate assay 
proceeded only to 50 per cent and this inactivation followed 
neither first order nor any other rational order kinetics when the 
loss of total initial activity was used as the basis of calculations. 
The 50 per cent inactivation noted in Fig. 2 was not fortuitous; 
it was the final extent of inactivation in all particulate heart 
muscle preparations tested (Keilin-Hartree and Ball-Cooper suc- 
cinic oxidases, deoxycholate dispersions of the latter, and intact 
heart sarcosomes), regardless of pH, temperature, and cyanide 
concentration, factors which influence the rate of inactivation 
profoundly. On the assumption that only one-half of the initial 
activity of such preparations may be inactivated by cyanide, 
the concentration of the reactant in the conventional equations 
for a reaction of first order may be equated with 50 per cent of 
the initial activity in the phenazine methosulfate assay; in this 
manner the inactivation of the succinate-phenazine methosul- 
fate reaction may be readily shown to obey first order kinetics 
and to proceed at the same rate as the inactivation of the methyl- 
ene blue reaction at pH 7.6 (Fig. 3). 

These findings suggest that phenazine methosulfate has two 
reaction sites in particulate preparations of succinic dehydrogen- 
ase from heart, one which is cyanide-insensitive, as is the entire 
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\CONTROL 
0 
/ PHENAZINE 
Fic. 1. Inactivation of succinic dehydrogenase by cyanide in 
Keilin-Hartree preparation. Two samples of the enzyme prepa- 
ration were incubated in 0.1 m phosphate buffer, pH 7.6, at 30°, 
one with 0.03 mM cyanide, and one without cyanide (control). The 
curves show the activity of aliquots removed after 2 hours. Ab- 
scissa, reciprocal concentration of phenazine methosulfate, ex- 
pressed as ml. of 1 per cent dye per 3 ml. of final volume; ordinate, 
reciprocal activity, expressed as wl. of O. uptake per 5 minutes 
at 38° per 0.1 ml. of enzyme preparation. 
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= 60+ 
= 40 
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7 40 60 80 100 120 
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Fic. 2. Time course of the inactivation by 0.02 m cyanide at 


pH 7.85, 30°. Activity determinations were based on Vmax val- 
ues with both dyes at 38°. M.B., methylene blue. 

~ 2 oM.B. 

= * PHENAZINE 

— 

= 

| 50 60 
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Fic. 3. Reaction order of the inactivation by 0.02 m cyanide at 
30°, pH 7.6. In the phenazine methosulfate assay inactivation 
was calculated on the assumption that only 50 per cent of the 
initial activity can be abolished by treatment with cyanide. 
M.B., methylene blue. 


succinic dehydrogenase activity of soluble preparations from 
heart, and one which is readily inactivated by cyanide. The 
two sites appear to contribute equally to the activity of untreated 
preparations as measured in the phenazine methosulfate assay. 
Inactivation of Dehydrogenase Activity toward Other Acceptors— 
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CN, 2 HRS. 


CONTROL 
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/M FMN X 10 
Fia. 4. Effect of incubation with cyanide on fumarate-reduced 

riboflavin 5-phosphate reaction. The experimental conditions 
were as in Fig. 1. The activity is expressed on the ordinate as 
ul. of He uptake per ml. of enzyme preparation per 5 minutes at 
30° in an assay system consisting of He, hydrogenase, reduced 
riboflavin 5-phosphate, fumarate, and Keilin-Hartree heart mus- 
cle preparation. FMN, riboflavin phosphate. 


TABLE | 
Extent of inactivation of succinic dehydrogenase activity by cyanide 
in particulate heart preparations with various electron carriers 


Electron acceptor or donor inactiva~ on affinity of 
% 

Reduced flavin 5-phosphate....... 0 a 
Phenazine methosulfate........... 50 + 
Leucomethyl! viologen............ 50 0 
Brilliant cresyl blue.............. 100 + 
100 


* Denotes a change in slope in double reciprocal plot of activity 
versus dye concentration upon incubation with cyanide. 


“0.08 PHENAZINE 
-(0.06+ 
-(.04+ 
7 9 
pH 


Fic. 5. Variations in the rate of inactivation with pH. The 
rate is expressed on the ordinate as the first order velocity con- 
stant for the inactivation by 0.02 m cyanide at 30°. M.B., meth- 
ylene blue. 


In comparing the rate and extent of inactivation of succinic de- 
hydrogenase by cyanide in the methylene blue and _ brilliant 
cresyl blue assays under various conditions no significant dif- 
ference was found. This might be interpreted to indicate that 
the reaction sites of these two dyes in the respiratory chain are 
the same or that the action of cyanide occurs at a point between 
succinic dehydrogenase and the reaction site(s) of these dyes. 
The oxidation of succinate by ferricyanide in Keilin-Hartree 
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preparations is inactivated to the extent of 65 to 70 per cent by 
cyanide; the residual activity is cyanide-insensitive. This find. 
ing is in agreement with the fact that ferricyanide has two reac. 
tion sites in the respiratory chain: the primary dehydrogenase 
(the CN~-insensitive site) and cytochrome c (9), the latter being 
quantitatively the more important one. It will be shown in the 
“Discussion” that the figures mentioned are in good agreement 
with the relative maximal activities of phenazine methosulfate 
and ferricyanide, respectively, in particulate and soluble prepa- 
rations of the dehydrogenase. 

In assays involving the reduction of fumarate, incubation with 
cyanide again brings about markedly different results, depending 
on the electron donor dye employed. With reduced riboflavin 
5-phosphate as electron donor (Fig. 4) a preparation inactivated 
50 per cent in the phenazine methosulfate assay retains full ac- 
tivity in the fumarate-reduced riboflavin 5-phosphate reaction, 
although the apparent affinity of the dye for the enzyme changes 
markedly as a result of this treatment. A major change in slope 
in double reciprocal plots of activity against reduced riboflavin 
5-phosphate concentration, as in Fig. 4, may well denote a change 
in the configuration of the dehydrogenase, possibly at a site near 
the FAD moiety with which the external flavin is thought to 
react (3). 

In contrast to the lack of inactivation of the fumarate-re- 
duced riboflavin 5-phosphate interaction by cyanide, under 
identical conditions the reduction of fumarate with reduced 
methy! viologen as electron donor is inactivated to the extent 
of 50 per cent (and no further). The inactivation is not accom- 
panied by a change in slope in plots of reciprocal activity against 
reciprocal dye concentration; both cyanide-treated and control 
samples show a zero slope for this dye. 

The maximal extents of inactivation attainable with various 
electron carriers upon the incubation of particulate heart prepa- 
rations with cyanide are summarized in Table I. 

Effect of pH—On the basis of experiments wherein succinic 
dehydrogenase activity was measured by the rate of decoloriza- 
tion of a fixed amount of methylene blue, Tsou (2) concluded 
that the rate of inactivation of succinic dehydrogenase by cyanide 
is unaffected by pH in the range tested (pH 6.5 to 8.0) and that, 
therefore, the reaction occurs between HCN (not CN-) and the 
enzyme. As documented in the accompanying paper (4), suc- 
cinic dehydrogenase assays conducted at a single initial concen- 
tration of methylene blue are not valid and may yield mislead- 
ing results. The need for expressing the activity of the enzyme 
samples at infinite dye concentration is particularly evident 
in this instance, since the affinity of the residual enzyme for the 
dye changes markedly as a result of treatment with cyanide. 

When the pH-dependence of the cyanide inactivation was 
re-examined, with assays based on V max values, it was found that 
the rate of inactivation actually varied markedly with pH 
(Fig. 5). Further, this variation in the rate of inactivation of 
the succinate-methylene blue reaction suggests that the CN” 
ion, and not undissociated HCN, is the reactive species. 

At and below pH 7.8 the rates of inactivation of the suc- 
cinate-methylene blue and _ succinate-phenazine methosulfate 
reactions vary with pH the same way. Above pH 7.8 the rate 
of inactivation of the former reaction keeps increasing at more 
alkaline pH values, whereas the rate of inactivation of the latter 
reaches a maximum at about pH 8.7 and then declines at more 
alkaline pH values (Fig. 5). This difference in behavior clearly 
indicates that the site of action of methylene blue is not identical 
with either of the reaction sites of phenazine methosulfate. 
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The implications of this experiment on the number of reaction 
sites of cyanide will be dealt with in the ‘Discussion.” 

Prevention of Inactivation—The authors have confirmed Tsou’s 
report (2) that succinate and hydrosulfite, but not fumarate, 
prevent the inactivation of the succinate-methylene blue reac- 
tion by cyanide. As documented in Fig. 6, succinate similarly 
prevents the cyanide effect on the succinate-phenazine metho- 
sulfate reaction, whereas fumarate fails todo so. Under identical 
conditions hydrosulfite (1 m) and DPNH ( 2x 10-3 m) 
prevented the action of cyanide completely. The selection of 
DPNH as potential preventing agent was based on its ability to 
reduce the dehydrogenase slowly but directly in soluble prepara- 
tions (10) and more rapidly in respiratory chain preparations 
(11, 12) by back reaction through cytochrome 6 (12). Thus, 
apparently, any compound capable of reducing succinic dehydro- 
genase and maintaining it in the reduced state prevents the 
inactivation by cyanide, and Tsou’s interpretation (2) that the 
combining site of cyanide is an oxidized group in the enzyme 
holds equally well for the succinate-phenazine methosulfate as 
for the succinate-methylene blue reactions. 

Reversal of Inactivation—It has been shown by Tsou (2) that 
exhaustive dialysis of cyanide-inactivated preparations, even 
when subsequently incubated with methemoglobin to remove 
residual cyanide, fails to bring about the reappearance of succinic 
dehydrogenase activity. Although these experiments may be 
taken to indicate that the effect of cyanide on succinic dehydro- 
genase is entirely irreversible, actually this is not quite true. 
As already shown in Fig. 1, treatment of the enzyme with cyanide 
brings about two distinct changes: a fall in activity (Vmax) and 
a decrease in the apparent affinity for the electron carrier. This 
second effect, which would escape detection under the assay 
conditions employed by Tsou, is readily reversible. An experi- 
ment to illustrate this point is reproduced in Fig. 7. A Keilin- 
Hartree preparation was incubated with 0.02 mM cyanide at 30° 
forl minute. At that time 1 M succinate was added to an aliquot 
to give a final concentration of 0.02 mM; incubation of both the 
cyanide-treated and the cyanide + succinate-treated samples 
was then continued for 50 minutes longer. Analysis of samples 
removed at suitable intervals by the phenazine methosulfate 
method at varying dye concentration showed the following: 
(a) the slight (12 per cent) inactivation of the maximal velocity 
by eyanide which occurred before the addition of the succinate 
(Curve 3) remained constant upon 50 minutes of further incuba- 
tion with succinate (Curve 2); (b) the increase in slope brought 
about by incubation with cyanide for 1 minute (Curve 3 versus 
Curve 1) is abolished on further incubation with succinate, with 
the return of the original slope (Curve 2 versus Curve 3); (c) 
continued incubation with cyanide in the absence of succinate 
increases both the inactivation (V »..) and the slope of the double 
reciprocal curve relating activity to dye concentration. Thus 
the loss in activity (fall in Vinax value) and the decrease in the 
apparent affinity of the electron carrier (increase in slope), are 
apparently separate and distinct phenomena. 

K,, of Cyanide-treated Enzyme—The first question to arise in 
considering the mechanism of the cyanide effect on succinic 
dehydrogenase is whether the inactivation reflects merely a loss 
of ability of succinic dehydrogenase to react with certain electron 
carriers or whether the ability of the enzyme to interact with its 
substrates is also affected. The circumstance that a preparation 


completely inactivated in the methylene blue assay retains 
its full activity in the fumarate-reduced riboflavin 5-phosphate 
reaction suggests, of course, that the primary reaction between 
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30°, 150 minutes of incubation, 0.02 m cyanide. 
or fumarate (fum.) was added to give 0.02 m concentration just 
before the cyanide, as indicated. The tube containing succinate 
but no cyanide was kept anaerobically. The slightly greater in- 
activation in the tube containing fumarate + HCN over that 
containing HCN alone is due to the fact that fumarate over long 
periods of incubation slightly inactivates the dehydrogenase and 
an identical effect was shown in the control sample incubated with 
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Fig. 6. Prevention of the inactivation. 


Conditions: pH 7.15, 
Succinate (succ.) 


fumarate but no HCN. 


l0 
9 0 5 
/PHENAZINE 


Fig. 7. Partial reversal of cyanide effect by succinate. Condi- 
tions: Keilin-Hartree preparation, incubated with 0.02 m cyanide 
at pH 7.73, 30° for varying periods. Curve 1, control (no cyanide) 
at 0 or 50 minutes; Curve 3, with cyanide, incubated for 1 minute; 
Curve 2, same as 3 but 0.02 m succinate added after 1 minute and 
incubation continued for 50 minutes longer; Curve 4, with cyanide 
and 50 minutes of incubation. 


the substrate and prosthetic group of succinic dehydrogenase is 
unimpaired in cyanide-treated samples. Direct support of this 
view is offered in Fig. 8, which shows that the A,, (Michaelis- 
Menten constant) value for succinate is the same in untreated 
and cyanide-inactivated samples of the enzyme. 

Action of Cyanide on Succinic Dehydrogenases from Yeast and 
Brain—Treatment of yeast granules with cyanide under condi- 
tions which would cause complete inactivation of the succinate- 
methylene blue and maximal inactivation of the succinate- 
phenazine methosulfate reactions in heart muscle failed to affect 
the activity of succinic dehydrogenase in either assay. Similarly, 
brain mitochondria, a rich source of succinic dehydrogenase, 
were insensitive to cyanide as regards both of these assay 
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Fig. 8. Effect of cyanide inactivation on K,, for succinate. 
Conditions: as in Fig. 7, but incubation for 1 hour only. The 
activity at each succinate concentration represents Vmax values 
with respect to phenazine methosulfate at 38° and is expressed as 
ul. of O2 uptake per ml. of enzyme per 5 minutes. 
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methods.! Although the enzyme from brain has not yet been 
characterized, its counterpart from yeast has been extensively 
studied in this laboratory in both particulate and highly purified, 
soluble preparations and was found to be extremely similar to 
the heart enzyme in practically all of its important properties 
and in constitution (13). It appears, therefore, that the cyanide 
effect is not a primary characteristic of succinic dehydrogenases 
in general, but that, perhaps, it might be an unusual property 
of the dehydrogenase from heart or one reflecting the nature 
of its linkage to the respiratory chain of heart tissue. 


DISCUSSION 


In attempting to fit the cyanide inactivation of succinic 
dehydrogenase into the framework of known facts about the 
enzyme and its relation to the respiratory chain, three points 
will be considered: (a) the nature of the chemical reaction which 
results in inactivation of the enzyme, (6) the point of attack of 
cyanide in succinic-oxidase preparations, and (c) the implications 
of the experiments described on the site of action of electron 
carriers in heart muscle preparations. 

(a) Two results of the action of cyanide have been observed: 
changes in affinity for dyes as electron carriers and loss of activity. 
Since the first of these effects can be observed only with an 
enzyme which has not vet lost its activity, it follows that either 
each of these two effects is the direct result of the reaction of 
cyanide at two separate sites or, more likely, that both reflect 
secondary changes in protein structure which follow the initial 
reaction of cyanide with the enzyme. The second possibility 
is supported to some extent by the irreversibility of the inactiva- 
tion and by the relatively high energy of activation reported 
for this reaction by Tsou (2). Two possible reaction mecha- 
nisms, based on these considerations and on the experiment 
shown in Fig. 6, are schematically represented below. 


fast ( 


succinic dehydrogenase + CN7~ 


slow 
succinic dehydrogenase-CN 


succinic dehydrogenase-CN* — succinic dehydrogenase-CN** (1) 


slow 
succinic dehydrogenase + 


succinic dehydrogeiuase-CN* — succinic dehydrogenase-CN** (2) 


In the first scheme the reversible reaction of succinic dehydro- 
genase, the untreated enzyme, with cyanide (which may be 
rapid) results in the formation of the complex succinic dehydro- 


1R. L. Ringler and T. P. Singer, to be published. 
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genase-CN, retaining the original activity and affinity for dyes, 
Secondary changes in protein structure lead to the slow forma. 
tion of succinic dehydrogenase-CN*, which is still active but 
has a lowered affinity for dyes, and, eventually, by an irreversible 
step to succinic dehydrogenase-CN**, an inactive form. The 
second scheme differs from the first one in that a slow reversible 
combination of the enzyme with cyanide is visualized as leading 
directly to succinic dehydrogenase-CN*, the form which js 
still active but has lost its high affinity for dyes. In either 
scheme the enzyme-cyanide complex may have a high dissocia- 
tion constant, and high concentrations of cyanide may be needed 
to drive the slow reaction. 

(6) The following considerations lead to the localization of 
the site of action of cyanide as being either a constituent of 
succinic dehydrogenase or a group which links the dehydrogenase 
to the respiratory chain. Cyanide inactivation has been ob- 
served in preparations devoid of cytochrome b; hence the point 
of attack of cyanide is prior to cytochrome b in the chain. In 
addition, although DPNH, like succinate, protects the enzyme 
from inactivation by cyanide, Keilin-Hartree preparations 
maximally inactivated by cyanide as regards succinic dehydro- 
genase activity retain full activity in DPNH-cytochrome c and 
DPNH-indophenol assays. This finding shows that cyanide 
acts before the junction of the succinic and DPNH oxidase 
pathways (12). In agreement with this conclusion the cyanide 
inactivation has been demonstrated with several dyes which 
react in succinic oxidase preparations at a point close to the 
dehydrogenase (4). 

Although the data do not warrant definite conclusions on the 
identity of the chemical group which reacts with cyanide, two 
obvious possibilities are a disulfide linkage? and the iron com- 
ponents of the dehydrogenase. As to the former, certain charac- 
teristics of the inactivation (protection by reducing agents, 
pH-dependence, partial reversibility, and so on, are not readily 
reconcilable with a mechanism involving the cleavage of an 
—SS— bond by cyanide. The possibility that ferric iron is the 
reaction site of cyanide appears to be compatible with known 
facts about the inactivation process. In fact, the slow rate of 
the process, the loss of affinity for electron carriers, and the 
differential loss of activity in some assays and not in others are 
strongly reminiscent of the action of other iron-chelating agents 
on the enzyme (15). One difficulty with this interpretation is 
that in order to explain the protection by succinate and DPNH 
against cyanide inactivation, one would have to postulate that 
the Fe moiety is reduced by the substrate. Although cyclic 
oxidation-reduction of 2 of the 4 Fe atoms of the dehydrogenase 
is unlikely in view of the studies of Massey (15), the catalytic 
function of the other 2 remains possible, even though it has not 
vet been demonstrated. 

The loss of 50 per cent of the activity in the phenazine metho- 
sulfate assay, without attendant loss in the reduced riboflavin 
5-phosphate assay, upon inactivation with cyanide results 
in an increase in the ratio of the rates of the fumarate-reduced 
riboflavin 5-phosphate and the succinate-phenazine metho- 
sulfate reactions from 4 to 5 per cent in untreated preparations 
to 10 per cent in cyanide-treated ones. This change in ratio 
is strikingly similar to that occurring on solubilization of the 
enzyme with acetone, which also results in a rise in this ratio 


2 In a preliminary communication, published after the writing 
of this manuscript, Keilin and King (14) concluded, in fact, that 
the inactivation involves the reaction of cyanide with a disulfide 


group. 
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to about 10 to 11, since considerable loss of the succinate- 
phenazine mothouulfate activity occurs, with relatively little 
loss of the fumarate-reduced riboflavin 5-phosphate activity. 
It is possible that the same grouping is affected by both proce- 
dures. It is of interest, therefore, that the fumarate-reduced 
riboflavin 5-phosphate reaction occurs without the mediation 
of the iron (16) and that 50 per cent of the iron in the soluble 
enzyme can be chelated without loss of activity (15). (These 
iron atoms might already have been rendered inactive during 
the solubilization step.) 

Parallel but opposite results are obtained with the yeast 
enzyme. It is not inactivated by cyanide in particulate prepara- 
tions, and solubilization results in no change in the ratio of the 
relative rates of the succinate-phenazine methosulfate and fu- 
marate-reduced riboflavin 5-phosphate reactions. The fact that 
yeast succinic dehydrogenase, which is also known to contain 
4atoms of Fe per mole (13), is insensitive to cyanide does not 
militate against Fe as the site of the cyanide reaction, since the 
Fe atoms of the yeast enzyme may be protected against attack 
by cyanide owing to the configuration of surrounding amino 
acid residues. 

(c) Of the two reaction sites of phenazine methosulfate in 
particulate preparations of succinic dehydrogenase, neither is 
antimycin-sensitive. Hence, both are close to the dehydro- 
genase and may indeed be on the dehydrogenase itself. If the 
latter were true and the site were lost either by solubilization or 
on treatment with cyanide, then the full activity of the soluble 
enzyme could not be measured in the phenazine methosulfate 
assay, and the turnover number previously reported (8) would 
be lower than the rate of the primary interaction between suc- 
cinate and the flavin prosthetic group. 

The finding of a 65 per cent maximal inactivation by cyanide 
in the ferricyanide assay is in good agreement with calculations 
based on the assumption that the conversion of the particulate 
to the soluble enzyme results in loss of those reaction sites which 
are inactivatable by cyanide in particulate preparations, regard- 
less of the assay method. In Keilin-Hartree preparations V max 
ferricyanide: Vmax Phenazine methosulfate is 0.54 (4). Since 
50 per cent of the activity with phenazine methosulfate and 
35 per cent of the ferricyanide activity is left after cyanide 
inactivation of Keilin-Hartree preparations, the expected ratio 
of Vinax Values for the two electron acceptors in soluble prepara- 
tions would be Vmax ferricyanide: Vmax phenazine = 0.54 xX 
(0.35/0.50) = 0.38. The experimentally found value of this 
ratio is 0.39 (10). 

As regards the reaction site of methylene blue in respiratory 
chain preparations, the results presented (cf. Fig. 5) show that 
it cannot be identical with either of the points of reaction of 
phenazine methosulfate. It was recently reported by Keilin 


and King (17) that upon reconstruction of a succinic oxidase 
system from an alkali-treated heart muscle preparation, devoid 
of succinic dehydrogenase activity, and purified, soluble succinic 
dehydrogenase, which is unable to react with methylene blue, 
all the enzymatic characteristics of heart muscle succinic oxidase 
reappear, including the interaction of succinate with methylene 
blue and indophenol. This demonstration provides further ev- 
idence for the previous conclusion (3) that the site of action 
of this dye is not on the dehydrogenase. Since the methylene 
blue reaction is present in preparations free from cytochrome 
6 (4), it may be tentatively localized as occurring between succinic 
dehydrogenase and cytochrome 0. 


SUMMARY 


1. The characteristics and mechanism of action of the cyanide 
inactivation of succinic dehydrogenase activity in particulate 
preparations have been investigated. 

2. The soluble enzyme isolated from heart is insensitive to 
cyanide regardless of the method of assay. Particulate prepara- 
tions are inactivated by incubation with cyanide to the following 
maximal extent: oxidation of succinate by cytochrome c, methyl- 
ene blue, brilliant cresyl blue, and dichlorophenolindophenol, 
100 per cent; succinate-ferricyanide reaction, 65 to 70 per cent; 
succinate-phenazine methosulfate reaction, 50 per cent; fuma- 
rate-leucomethy] viologen reaction, 50 per cent; fumarate-re- 
duced riboflavin 5-phosphate reaction, 0. 

3. In confirmation of the results of Tsou it was found that 
the inactivation by cyanide progresses as a reaction of first 
order, of which the rate depends on temperature and cyanide 
concentration. Contrary to Tsou’s report, the rate was found 
to vary markedly with pH, and the pH-dependence is not the 
same in the inactivation of the succinate-methylene blue and 
succinate-phenazine methosulfate assays. 

4. The inactivation is characterized by two distinct effects: 
loss of activity at infinite concentration of electron carrier (V max) 
and loss of affinity for electron carriers. Both of these effects 
are prevented by compounds which reduce succinic dehydro- 
genase (succinate, hydrosulfite, reduced diphosphopyridine nu- 
cleotide) but only the second effect is reversed by reducing 
agents. | 

5. Although reduced diphosphopyridine nucleotide prevents 
the action of cyanide on succinic dehydrogenase, cyanide does 
not abolish the oxidation of reduced diphosphopyridine nucleo- 
tide in heart muscle preparations. 

6. The cyanide inactivation described has been encountered 
only in heart preparations; it is not observed in brain or yeast. 

7. The possible mechanism of the cyanide inactivation and 
its implications on the organization of the respiratory chain in 
sarcosomes have been discussed. 
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Coenzyme Q is the designation which has been applied to a 
group of lipide-soluble quinones isolated from several sources 
(1-4). Synthetic (5) and degradative (4-7) studies have led 
to the characterization of these compounds as 2,3-dimethoxy- 
5-methylbenzoquinones, substituted at position 6 with homol- 
ogous isoprenoid side chains: 


| CH; 
| 


O 


Coenzyme Q,, 


The subscript in the designation refers to the number of iso- 
prenoid units found in the side chain of the various homologues. 
Thus far, five crystalline homologues have been obtained from 
various sources: coenzyme Qo (beef heart) ; coenzyme Qs (Torula 
utilus); coenzyme Qs (Azotobacter vinelandii); coenzyme Q; 
(T. utilus); coenzyme Qs (Saccharomyces cerevisiae). The func- 
tion of coenzyme Q as an electron carrier in terminal electron 
transport and possibly in oxidative phosphorylation has been 
demonstrated (1, 8-10). The structure given above for co- 
enzyme Q has certain features in common with those of vitamin 
K,, vitamin K., and a-tocopherylquinone, compounds which 
have also been implicated in terminal electron transport and 
oxidative phosphorylation (11-14). Ubiquinone, reported by 
Morton et al., from animal organs (15) and yeast (16) is clearly 
related to the coenzyme Q homologues. 

To help in the study of the function and biosynthesis of these 
compounds, it was thought desirable to develop paper chromato- 
graphic methods for their separation and identification. Other 
workers have shown that silicone-impregnated paper was suit- 
able in the reversed-phase chromatography of a variety of 
lipide compounds (17). More particularly, Green and Dam 
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(18) have successfully separated a number of substituted 1 ,4- 
naphthoquinones on paper impregnated with Dow-Corning 
Silicone Fluid No. 1107 with aqueous lower alcohol solutions as 
solvents. Based upon this previous work, a method will be 
described which separates all known forms of coenzyme Q and 
some related quinones of biochemical interest. In addition, a 
sensitive detection method has also been devised. 


EXPERIMENTAL 


\Jaterials—The isolation and nomenclature of the coenzyme 
Q homologues employed have been described (2-4). d,a- 
Tocopherol, d,y-tocopherol, d,6-tocopherol, and vitamin K, 
were products of Eastman Kodak Company. a-Tocopheryl- 
quinone was prepared according to the method of John et al. 
(19). Solutions of the hydroquinones of the coenzyme Q hom- 
ologues were prepared as previously described (7). Neotetra- 


-zolium chloride was a product of the Mann Research Labora- 


tories, Inc. 
Methods 


Impregnation of Paper with Silicone—Filter paper was im- 
mersed in a 5 per cent weight per volume solution of Dow- 
Corning Silicone Fluid No. 550 in chloroform for several seconds 
and then allowed to dry in air at room temperature. Paper 
treated in this manner has been stored for several months with 
no observable effects on its chromatographic properties. For 
the purpose of qualitative identification, Whatman No. 3 MM 
filter paper was routinely used; however, Whatman No. 1 paper 
was also suitable. Whatman No. 17 paper treated in the same 
manner has been used successfully in the preparation of certain 
coenzyme Q compounds (3). 

Solvents—For separation of the oxidized forms of the co- 
enzyme Q compounds 4:1 (volume for volume) n-propanol-H:O 
was routinely used as the solvent. In the separation of the 
hydroquinones of these compounds from each other or from 
their oxidized forms, 7:3 (volume for volume) n-propanol-H.0 
was used as solvent. 

Application of Samples to Paper—In general, samples were 
applied to the paper from ethanolic solutions. Samples in 
solutions of hydrocarbons (cyclohexane, isooctane) are also 
suitable if care is taken to keep the spot size small. Quantities 
of 5 to 20 ug. of coenzyme Q have been routinely applied for 
purposes of qualitative identification. When the concentration 
exceeded 100 wg. per spot, the chromatographic behavior was 
unsatisfactory. It was a convenient rule of thumb, that an 
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amount of coenzyme () suitable for chromatography has a 
definite vellow color on the paper. 

Development of Chromatogram—The ascending technique was 
routinely used although descending and circular methods have 
worked as well. It was found to be important, especially when 
less polar solvents have been used, to equilibrate the paper with 
the vapor phase of the solvent fora certain minimal time. This 
time of equilibration can be expected to vary according to the 


Q 289 


R. L. Lester and Ramasarma 


675 


size of the container, temperature, and so forth. In the case 
of chromatography carried out in small containers, equilibration 
for 10 to 30 minutes was sufficient. Insufficient equilibration 
results in the streaking of spots probably attributable in part 
to the dissolving of the silicone which gives a streaked appear- 
ance to the paper when viewed in ultraviolet light. No un- 
desirable effects have been observed when the equilibration 
time was extended (1 to 24 hours), although the rate of solvent 


XK-TQ 


Fig. 1. A photocopy of an ascending chromatogram of five coenzyme Q homologues and a-tocopherylquinone (a-TQ). Solvent, n- 
propanol-H2O (4:1); paper, Whatman No. 3 MM impregnated with Dow-Corning No. 550 silicone; spray, potassium borohvdride-HCL 


heotetrazolium. Solvent front was 29 em. from origin. 


- | 
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TABLE I 
Chromatography of various lipides on silicone-impregnated paper 


| Rr 
Compound | 
_n-Propanol- n-Propanol- | Ethanol- 
| HeO (4:1) | (7:3) | (3:1) 
Coenzyme Q compounds | | 
Qio | 6.27 0.06 
Qs 
Qs 0.42 0.18 
Q: 0.49 0.23 
Qs | 0.54 0.31 
Qio hydroquinone 0.26 
Q, hydroquinone 0.41 
Qs; hydroquinone 0.55 
Q; hydroquinone 0.60 
hydroquinone 0.66 
a-Tocopherylquinone 0.84 0.58 
Vitamin Kk, 0.59 
Vitamin K, | 0.29 | 
d,a-Tocopherol 0.83 | 0.33 
d,+~-Tocopherol 0.49 
d,6-Tocopherol | | 0.62 


development and R,r’s were lower. All chromatograms were 
run at room temperature and dried in air before detection of 
the spots. 

Detection Methods—Seyeral methods of varying sensitivity 
and specificity have been applied for visualization of the spots 
on chromatograms. 

The coenzyme Q compounds can be detected by the quench- 
ing of their fluorescence under ultraviolet light. This method 
is rather insensitive, since at least 20 wg. or more are required 
for definite observation. 

The substantial amount of unsaturation noted in the coenzyme 
@ compounds (4) probably underlies the reaction of these com- 
pounds with KMnQx,, which has been carried out as follows. 
The chromatograms were dipped into an aqueous solution of 
KMn0O, (0.2 per cent, weight per volume) for 20 to 30 seconds 
and then immediately washed with hot tap water until the un- 
changed KMnO, was removed. The coenzyme Q compounds 
gave brown spots on a practically white background. About 
5 ug. of coenzyme Q is the lower limit of detection by this method. 

An alternate method based upon the quinone moiety of these 
compounds is as follows. The quinone was first reduced to 
the hydroquinone by dipping the paper into a freshly prepared 
aqueous solution of potassium borohydride (0.1 per cent weight 
per volume) for approximately 30 seconds or until the vellow 
spots had faded. The paper was then drained briefly, and the 
excess potassium borohydride hydrolyzed by dipping the paper 
into a 0.1 N HCl solution for a few seconds, or until gas evolu- 
tion had ceased. After the excess HCI was drained, the hydro- 
quinones thus formed were visualized by either of two methods. 

1. The paper was dipped for several seconds into an aqueous 
solution containing 0.25 per cent (weight per volume) neotetra- 
zolium chloride and 0.25 mM potassium phosphate, pH 7.0. The 
paper was then drained and heated at S0—-100° for 30 to 60 
seconds. It was found convenient to heat the papers by placing 
them in the oven on a clean glass plate or on a piece of aluminum 
foil. Deep purple spots appeared on a practically colorless 
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background in consequence of dye reduction by the hydro- 
quinone. A dark background indicates poor destruction of the 
excess borohydride, and light spots imply poor initial reduction 
of the quinone. The spots tended to merge into an increasing 
background color over a period of days; this could be retarded 
by storing the chromatograms in the dark. The lower limit 
of detection was approximately 5 ug. of coenzyme Q. 

2. The hydroquinones produced red spots on a white back- 
ground after being sprayed with a freshly mixed solution con- 
taining | part of FeCl;-6H.O (0.5 per cent weight per volume 
in ethanol), 1 part of a@,a’-dipyridyl (0.2 per cent weight per 
volume in ethanol), and 2 parts of H.O. This method was 
somewhat less sensitive than the neotetrazolium method. 

Chromatography of Reduced Forms of Coenzyme Q—To prevent 
oxidation of the hydroquinones by oxygen during chromatog- 
raphy, the jars containing the papers were flushed with nitrogen 
saturated with the solvent for 10 to 15 minutes before solvent 
development. The subsequent procedure was as_ described 
above. Streaking (as observed with the quinone spray re- 
agent) occurred when oxygen was not carefully excluded. A 
number of compounds such p-hydroxyvacetanilide, nordi- 
hydroguaiaretic acid, gallic acid, and ethylenediaminetetra- 
acetic acid, were added to the solvent in an unsuccessful effort 
to prevent oxidation of the hydroquinones. 


RESULTS AND DISCUSSION 


Chromatography of Individual Compounds—By the procedures 
described under ‘‘Methods,” all known coenzyme Q homologues 
have been successfully resolved. Fig. 1 represents one such 
chromatogram. The R,y’s of a number of lipide compounds and 
their reactions with certain spray reagents are listed in Table I. 
The exact Rp’s obtained varied within narrow limits. The 
chief variables were the time of equilibration with solvent, the 
duration of chromatography, and the type of paper used. In 
no case was the characteristic order of migration affected by 
these variables. The Ry values observed for the five coenzyme 
Q homologues were consistent with the known polarities of 
these compounds. 
the expected lower Re values because of lower solubility in the 
polar mobile phase. 
which is least polar because of the presence of the longest poly- 
isoprenoid side chain (4) has the lowest Ry. Vitamins K, and 
Kes also exhibited the expected behavior. As can also be seen 
from the data in Table I, each hydroquinone of coenzyme Q 
has the expected higher Rp value than its corresponding quinone. 

Several tocopherols could be resolved on the silicone-impreg- 


The less polar members of this series had | 


For example, the beef heart compound | 


nated paper with 3:1 (volume for volume) ethanol-H,O as _ 
solvent with, however, no advantages over the method of Brown — 


(20). 


n-propanol, n-butanol, t-butanol, and acetic acid were tested 
for the separation of coenzyme Q homologues. Although suc- 
cessful separations were obtained with several solvent systems, 
they offered no obvious advantages over the solvents herein 
described. 

To the best knowledge of the authors, the method of detect- 
ing quinones by means of neotetrazolium after reduction with 
potassium borohydride is new. All quinones thus far tested 
gave a positive reaction. In the crude lipide extracts of a large 
number of different tissues,' the only compounds which gave 


1R. L. Lester and F. L. Crane, unpublished data. 


Various aqueous mixtures containing methanol, ethanol, 
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positive reactions with this reagent have proved to be either Paper impregnated with Dow-Corning Silicone Fluid No. 1107 


eoenzvme ( homologues, vitamins K, or K,, or tocopheryl- gave poor results in some preliminary experiments and was not 
quinone. Vitamins K, and K,, when reduced with potassium — tested further. A drawback to the use of silicone-impregnated 
borohydride according to the procedure given, reacted with the papers is that the ultraviolet spectrum of resolved compounds 
neotetrazolium reagent at room temperature in contrast to the cannot be determined after elution from the paper since the 
coenzyme ( homologues or a-tocopherylquinone which required — silicone fluid used absorbs strongly in the ultraviolet. 

heating for color development. Chromatography of Tissue Extracts—The methods outlined 


Fig. 2. Chromatography of mitochondrial extracts. The mitochondrial extracts were prepared after 5-minute incubations (30°) of 
mixtures of the following composition: beef heart mitochondria, heavy fraction (21), 100 mg. of protein; 125 umoles (pH 7.0) of potas- 
sium phosphate; 0.25 mM sucrose to a final volume of 4.0 ml.; and 100 wmoles of potassium succinate where indicated. The mixtures were 
heated for 2 minutes in a 69°-water bath and extracted with 4 ml. of evclohexane by shaking for 30 minutes on an automatic shaker. 
The mixtures were centrifuged and the evelohexane phases concentrated (in a vacuum) to 0.2 ml. For chromatography, 0.01 ml. of 
each concentrate was applied for each spot (/, mixture of oxidized and reduced forms of coenzyme Q; 2, no substrate; 3, succinate). 


One section of the chromatogram (7) was reacted directly with the neotetrazolium reagent; the other section (77) was reacted succes- 
sively with potassium borohydride, HCl, and neotetrazolium as described under ‘‘Methods.”’ 
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herein have already proved to be extremely useful in examining 
lipide extracts from a variety of tissues. The Rp values of the 
coenzyme Q homologues were affected to varying degrees by 
the presence of other lipides encountered in tissue extracts. 
However, the extracts of most tissues could be successfully 
examined for coenzyme Q. As a control on the influence of 
such lipides a mixture of the extract and the proper, pure co- 
enzyme Q homologue was chromatographed. Several extracts, 
notably alfalfa and wheat germ, gave extremely poor resolution 
of coenzyme Q. 

One example was the study of the reduction of coenzyme Q 
which is bound to beef heart mitochondria. When beef heart 
mitochondria were incubated in air in the presence and absence 
of substrates, the ultraviolet absorption spectra of the cyclo- 
hexane extracts of such particles were shown to change in a 
manner which denoted substrate-<lependent reduction of 
coenzyme Q (9). Such extracts have now been chromatographed 
on paper, and the results have been consistent with the previous 
interpretation of the spectra of these extracts. The data given 
in Fig. 2 indicate that the extract of particles incubated in the 
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absence of substrate contained a substance which reacted with 
the quinone reagent and which had the same Ry as the pure 
coenzyme ( isolated from beef heart. When the incubation 
was carried out in the presence of succinate, the substance dis- 
appeared, and a faster moving substance appeared which reacted 
with the hydroquinone reagent and which had the same Rp as 
coenzyme ( reduced with potassium borohydride (4). With 
4:1) n-propanol-H-O as solvent, the phospholipides of such 
extracts of beef heart mitochondria migrated as an unresolved 
band at Re values 0.65 to 0.92. 


SUMMARY 


Methods are described for the resolution of coenzyme Q 
homologues and other lipides by means of reversed phase paper 
chromatography on silicone-impregnated filter paper. 
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Triphosphopyridine nucleotide serves as the primary hydrogen 
or electron acceptor in a variety of biological oxidations. Some 
dehydrogenases like glucose 6-phosphate dehydrogenase (1) 
and isocitric acid dehydrogenase (2) have an absolute require- 
ment for TPN. Other systems such as liver glutamic acid 
dehydrogenase (3, 4) can utilize either TPN or DPN about 
equally well. In addition, a large number of dehydrogenases 
are known which have an absolute requirement for DPN. 

Although DPN and TPN have many similarities in structure 
and function, the available evidence indicates that the two 
coenzymes do not interact readily. Transfer of hydrogen 
between the nucleotides must be enzymatically catalyzed in 
both bacterial (5) and mammalian systems (6, 7). Glock and 
McLean (8) have shown that the concentration of DPN is 
greater than that of TPN in most tissues. Furthermore, most 
of the DPN is present in the oxidized form, but most of the 
TPN is present in the reduced form. A specific requirement 
for TPNH has been shown by Langdon (9) for the reductive 
synthesis of fatty acids in mammalian liver. 

The purpose of the present study was to determine the oxi- 
dation-reduction potentials of the TPN system and to compare 
them with the values determined for the DPN system. 


EXPERIMENTAL 


Apparatus—Temperature control and nitrogen purification 
procedures have been previously described (10, 11). The 
jacketed reaction vessel used in this study was constructed with 
a flat bottom to permit use of a magnetic stirrer. The inner 
jacket of the reaction vessel was 18 * 180 mm.; this permitted 
measurements to be made on as little as 4 ml. of solution. The 
reaction vessel was closed with a tightly fitting rubber stopper 
fitted with a nitrogen inlet, nitrogen outlet, two bright platinum 
electrodes, a saturated KCl salt bridge, and a glass tube closed 
with a vaccine port.!. The nitrogen inlet was placed just above 
the surface of the liquid. Both platinum electrodes were rec- 
tangular and measured 1 X 1.5 em. Addition of solutions to 
the vessel or removal of samples for spectrophotometric analysis 
was accomplished through the vaccine port without admitting 


* This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University. 

+ Present address, Division of Chemistry, Naval Medical Re- 
search Institute, Bethesda 14, Maryland. 

t Mr. Donovan held a Summer Fellowship for Student Re- 
search from the Harvard Medical School. 

1A soft rubber stopper perforated to within about 1 mm. of the 
top, permitting the insertion of a hypodermic needle without re- 
moval of the stopper. 


air. A magnetic stirrer was used to mix the contents of the 
vessel but was not operated continuously during the potential 
measurements. 

Potential measurements were made with a Leeds and North- 
rup type K-2 potentiometer and were recorded in absolute 
volts. A Rubicon galvanometer with an internal resistance of 
432 ohms and a sensitivity of 0.00425 uwa. per mm. was used as 
null indicator. Measurements were made at 30° + 0.1°. The 
reference half-cell was a 0.1 N KCl-calomel electrode. The 
calomel electrode was frequently standardized against a hydro- 
gen electrode in a solution of 0.1 m acetic acid plus 0.1 m sodium 
acetate. The pH of this solution at 30° was taken to be 4.649 
by interpolation of the data of Hitchcock and Taylor (12, 13). 

The pH of the solutions was measured with a Beckman model 
G pH meter in a room maintained at 30° + 2°. A linear re- 
sponse of the glass electrode was established by measurements 
of a series of buffers, the pH of which had been determined with 
the hydrogen electrode at the same temperature. Potassium 
acid phthalate, 0.05 m, was routinely used to standardize the 
glass electrode before each measurement. The pH of this solu- 
tion at 30° was taken to be 4.01 (12, 13). 

Materials—Oxidized and reduced TPN were obtained from 
the Sigma Chemical Company. The TPN*+ sample was 86 per 
cent pure as determined by the cyanide procedure of Colowick 
et al. (14). .A similar purity for the TPNH was obtained by 
spectrophotometric measurement at 340 mu. The mm extinc- 
tion coefficient of TPNH determined by Horecker and Korn- 
berg (15) was used. Some experiments were performed with 
TPNH prepared from TPN?+ by a slight modification of the 
method of Gutcho and Stewart (16). Benzyl viologen, ob- 
tained from the British Drug Houses, Ltd., was used as the 
electromotively active mediator. A freshly prepared water 
solution of the dye was added to the contents of the cell to give 
a final concentration of mediator near 1 & 10-5 M. 

Buffer solutions between pH 7 and 9 were prepared from 
tris(hydroxymethyl)aminomethane and hydrochloric acid. Gly- 
cine buffers were employed at pH values greater than 9. All 
buffer solutions were 0.1 m. Both TPN+ and TPNH were 
dissolved directly in the buffer solutions, but the final pH was 
determined at the conclusion of each potentiometric measure- 
ment. 

Enzyme—A large number of enzymatic preparations were 
tested for their ability to catalyze the reaction of TPNH with 
the oxidized form of various electromotively active dyes. The 
reduction of benzyl viologen was of special interest since we 
expected the potential of the TPN system to be in a region 
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where this dye would serve as an ideal mediator. Xanthine 
oxidase, which was previously (11) shown to catalyze the re- 
duction of this dye by DPNH, was completely ineffective. 
Conn et al. (17) have described a “TPNH oxidase” present in 
wheat germ which catalyzes the aerobic oxidation of TPNH. 
Wosilait and Nason (18) obtained a “pyridine nucleotide-qui- 
none reductase” from pea seeds which catalyzes the oxidation 
of DPNH or TPNH by quinone. A specific TPNH:cyto- 
chrome c reductase from liver was described by Horecker (19). 
All of these preparations as well as various acetone powders of 
rat liver, rat kidney, and dog heart were tried but none was 
satisfactory. 

Jagendorf (20) observed that chloroplasts isolated from 
spinach leaves catalyzed the reduction of certain dyes by the 
reduced forms of the pyridine nucleotides. Avron and Jagen- 
dorf (21) prepared a more highly purified fraction from spinach 
chloroplasts which possesses strong ‘“TPNH diaphorase”’ activ- 
ity. No reduction of dye was observed if DPNH was substi- 
tuted for TPNH with this preparation. A sample of this 
enzyme system was prepared and was found to be extremely 
effective in catalyzing the attainment of equilibrium between 
TPN:TPNH mixtures and benzyl viologen. The dye was 
reduced very rapidly in the presence of TPNH and the enzyme, 
but essentially no reaction occurred when DPNH was substituted 
for TPNH. A number of other dyes including methylene blue 
and 2,6-dichlorophenol indophenol were also rapidly reduced 
by TPNH in the presence of the enzyme. The extent of re- 
duction of all dyes tested except benzyl viologen was such as 
to preclude their use as mediators in the potential measurements. 

The enzyme preparation used in these studies was prepared 
from spinach leaves according to the directions of Avron and 
Jagendorf (21). The final purification by adsorption on eal- 
cium phosphate gel and separation on Dowex as given by these 
authors was not routinely performed. An enzyme solution 
prepared by redissolving the acetone-precipitated protein from 
the spinach chloroplasts was sufficiently active and did not 
cause any demonstrable destruction of the TPN. The amount 
of protein added to the reaction vessel was estimated to be 0.044 
mg. as calculated from the micro-Kjeldahl nitrogen analysis of 
the enzyme solution. Assuming the molecular weight of the 
enzyme to be 50,000 as estimated by Avron and Jagendorf (21), 
the concentration of enzyme in the reaction mixture was cal- 
culated to be approximately 1 x 10-8 m. This estimate is 
probably too high because of the presence of some inactive 
protein in the enzyme solution. 

Procedure—Oxidation-reduction potentials of the TPN system 
were determined at 30° by the method of mixtures. <A solution 
of TPN*+ and TPNH was prepared by dissolving the compounds 
in the desired buffer in such a manner that the total concentra- 
tion of the two forms was near 3 xX 10-4 Mm. Approximately 
8.5 ml. of this solution and 0.3 ml. of a 3 x 10°* mM Versene 
(ethylenediaminetetraacetate) solution were added to the re- 
action vessel and deoxygenated for 10 minutes. The precaution 
of adding Versene was taken because the enzyme is sensitive 
to heavy metal ions but is not inhibited by Versene. Then 
1 ml. of the enzyme solution was added to the vessel, and de- 
oxygenation continued for an additional 10 minutes. Benzyl 
viologen solution (0.2 ml. of approximately 5 x 10-4 M) was 
added and the potential values recorded. The system was 
assumed to be at equilibrium when the potential values recorded 
at the two platinum electrodes did not differ by more than 0.5 
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mv. and did not change by more than 1.0 mv. over a 30 to 45 
minute period. With the amount of enzyme used, the equilib- 
rium potential value was usually reached within 30 minutes 
after the last component was added to the reaction vessel. 
After equilibrium had been established and the potentials 
recorded, a sample of the reaction mixture was removed and 
immediately assayed for TPNH and TPN*+. The TPNH assay 
was carried out by measuring the optical density of an appro- 
priate dilution of the reaction mixture in a Beckman model DU 
spectrophotometer. Measurements were made at 340 muy, the 
absorption maximum of TPNH, at 327 mu, the absorption 
maximum of the cyanide complex of TPN*, and at 331 my, an 
isosbestic point for the two compounds. The equilibrium con- 
centrations of TPNH and TPN+ were calculated from the 
spectrophotometric data. The concentration of TPNH and 
the per cent reduction of the nucleotide were calculated from 
the two measurements at 331 my, an isosbestic point for TPNH 
and the cyanide complex of TPN+. A millimolar extinction 
coefficient of 5.9 was used at this wave length and is based on 
the millimolar extinction coefficient of 6.22 for TPNH at 340 
my as determined by Horecker and Kornberg (15). When the 
spectrophotometric measurements had been completed, the pH 
of the equilibrium mixture was determined by the glass electrode, 


RESULTS 


Several attempts were made to obtain a potentiometric titra- 
tion curve by titrating TPNH with oxidizing agents in the 
presence of the enzyme and benzyl viologen. ‘These experi- 
ments were uniformly unsuccessful, probably because the enzyme 
used was itself so easily oxidized with a resultant loss in activity. 
The initial negative potential was quickly established in the 
presence of TPNH, enzyme, and benzyl viologen. Addition of 
a small increment of oxidizing agent caused the time for re- 
establishment of equilibrium at each point to be progressively 
prolonged. This effect was observed when methylene blue, 
2 ,6-dichlorophenol indophenol, and potassium ferricyanide were 
used as oxidizing agents. 

In order to establish the shape of the potentiometric titration 
curve at constant pH, measurements were made by the method 
of mixtures at pH 7.95. Three analyses were performed at 
this pH in which the per cent reduction of the TPN varied from 


75 to 35. The observed potentials were in reasonable agreement 
with those predicted from the equation 
(TPNH) 


The mean value of the /o’ calculated from the observed poten- 
tials and per cent reduction of the coenzyme was —0.345, volt? 
with a total spread among the three measurements of 5.7 mv. 
Although this deviation is greater than desired, the data indicate 
that this system, like the DPN system (11), is a reversible 
2-electron oxidation-reduction system. 

Potential values were determined by the method of mixtures 
from pH 6.99 to 10.3 and are presented in Table I. The cal- 
culated Eo’ values do not require correction for the amount of 
benzyl viologen present, because equilibrium concentrations of 
both TPN+ and TPNH were experimentally determined in 
addition to the equilibrium potentials. A plot of the 2’ values 


2 Digits printed below the line indicate that this figure is sig- 
nificant to only about +5. 
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TABLE I 


Oxidation-reduction potentials of TPN system determined 
by method of mixtures at 30° 


pH Total TPN Reduction | observed 
mM X 104 % volt volt volt 
6.99 3.1 31.6 —0.296;  —0.306, | 
7.41 3.7 32.0 —0.322, | —0.332; | —0.320, 
7.47 2.9 38.1 —(0.3342  —0.340; | —0.317; 
7.95 4.7 75.7 —0.3599 —0.3442 | —0.315; 
7.95 5.0 55.6 —0.345, | —0.342; | —0.3142 
7.95 6.5 30.4 —0.340; | —0.3848; | —0.319, 
8.28 2.6 30.5 —0.343, —0.353s | —0.315; 
8.50 2.8 30.0 —0.350. —0.361; | —0.316; 
8.69 3.3 37.5 —0.361,  —0.368)  —0.317; 
9.00 2.4 37.6 —0.371; | —0.378; | —0.318, 
9.41 4.4 34.6 —0.378, | —0.3873; | —0.314s 
9.80 3.9 26.1 —0.383s | —0.3897, | —0.313; 
10.30 2.4 31.5 —0.4085 | —0.418; | —0.319o 
+0.002 


* Calculated from the equation FE, = 


{TPNH). 


Ho’ + 0.0301 log (TPN*)/ 


+ Caleulated by use of the theoretical slope of the E.’:pH 
curve, —0.0301 volt per pH. 


t Not included in the average. 


against pH is presented in Fig. 1. 
oretical slope of —0.0301 volt per pH and passes through the 
average value calculated at pH 7.0 as given in Table I. 
A slope of 


on the graph represent individual determinations. 
—(.0301 volt per pH for the /o’:pH curve is expected for a 
2-electron system if the reductant contains 1 more proton than 


the oxidant. 


The solid line has the the- 


Points 


These data therefore indicate that the oxidation 


of the reduced coenzyme may be represented by the equation: 


TPNH = TPN* + 2e + H* 


(2) 


It has not been possible to extend the potential measurements 
The efficiency of the enzyme is greatly 
In addition, TPNH 


over a wider pH range. 


diminished below pH 7 and above pH 10. 
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is relatively unstable in acid solutions, TPN+, on the other 
hand, is destroyed in strongly alkaline solutions. The effect of 
pH on the FE,’ below pH 7 remains in doubt and the mid poten- 
tial at pH = 0 is therefore uncertain. However, if one assumes 
that the slope of the /o’:pH curve remains constant, the value 
of the intercept at pH = 0 is calculated to be —0.106, volt. 
The equation giving the oxidation-reduction potential of the 
TPN system at 30° may thus be written as in Equation 3. 


(TPN*) 
(TPNH) 


E, = — 0.106, + 0.0301‘ log — 0.0301 pH (3) 


This equation may be compared with the equation previously 
determined for the DPN system (11). At 30° the oxidation- 
reduction potential of the DPN system is given by Equation 4. 
(DPN*) 
(DPNH) 


E, = — 0.107; + 0.0301 log — 0.0301 pH (4) 


It is seen that the potentials of the DPN and TPN systems are 
essentially the same. 


DISCUSSION 


The oxidation-reduction potential of the TPN system has 
been measured potentiometrically. The system has a relatively 
low potential (—0.316, + 0.002 volt at pH 7 and 30°), very 
close to the value of the DPN system determined by the poten- 
tiometric method. No previous independent estimate of the 
potential of the TPN system was found in the literature. Bur- 
ton and Wilson (22) attempted such a measurement with the 
oxaloacetate:L-malate system. The reaction of malic dehydro- 
genase in the presence of TPN was so slow, however, that equi- 
librium was not established even after 10 hours. The high 
specificity for either DPN or TPN shown by most of the specific 
dehydrogenases is probably responsible for the inability of pre- 
vious workers to obtain direct measurements on this system. 

Two sets of data are available which allow estimation of the 
potential of the TPN system relative to the DPN system. The 
first of these is the work of Olson and Anfinsen (3) who deter- 
mined the equilibrium constants at 25° for the conversion of 
glutamate to a-ketoglutarate and ammonia. A crystalline prep- 
aration of liver glutamic dehydrogenase was employed to es- 
tablish equilibrium in the presence of either DPN or TPN. 
From the magnitude of these equilibrium constants, the poten- 
tial of the TPN system was calculated to be approximately 
4 to 5 mv. more negative than that of the DPN system at the 
same pH. The second comparison between the two systems 
is obtainable from the data of Kaplan et al. (6). These inves- 
tigators determined the equilibrium constant for the reaction: 


DPN*t + TPNH = DPNH + TPN* (5) 


Equilibrium was established at 37° in the presence of a beef 
heart transhydrogenase preparation in neutral and slightly acid 


solutions. Three determinations gave an average equilibrium 
constant 
(DPNH)(TPN*) _ ,, 
(DPN+)(TPNH) 


for this reaction. These data also indicate that the potential 
of the TPN svstem is 4 to 5 my. more negative than that of the 
DPN system. 

Potentiometric measurements on these two systems under 
similar conditions (30° and pH = 7) do not substantiate these 
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predictions. The potential of the TPN system reported here 
(—0.316, + 0.002 volt) and that of the DPN system (—0.3173 + 
0.003 volt) reported earlier (11) are the same within the 
limits of the methods used. Equilibrium concentrations of 
TPN?+ were measured in this study by the cyanide procedure 
of Colowick et al. (14). It should be pointed out that this 
procedure is not specific for TPN+ and that falsely high values 
for the concentration of TPN+ would be obtained if other ribosyl- 
nicotinamide compounds were present, either as impurities in 
the original preparations or as a result of enzymatic action. 
Such an error would result in a calculated Eo’ which is falsely 
low. No evidence for the formation of such impurities could 
be demonstrated when the enzyme preparation was incubated 
with the oxidized or reduced forms of either TPN or DPN. It 
therefore seems unlikely that such an error in the measurement 
of TPN*+ concentration can account for the difference between 
the potential of this system expected from the equilibrium 
studies cited above and those observed by the potentiometric 
method. 
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Knowledge of the oxidation reduction potential of the TPN 
system permits calculation of the standard free energy change 
for the reduction of TPN*+ according to the reaction TPN+ + 
H. = TPNH + H+. The standard free energy change (AG°) js 
given by the relation AG® = —2FE where 2 is the number of 
electron equivalents, F is the faraday (23,062.4 defined calories 
per volt equivalent) and £5 is the oxidation reduction potential 
of the TPN system at pH = 0. The value of AG® = —(2) 
(23,062.4)(—0.1062) = 4.90 kilocalories per mole is obtained. 


SUMMARY 


Oxidation reduction potentials of the triphosphopyridine 
nucleotide system were measured potentiometrically at 30°, 
Benzyl viologen was used as the electromotively active mediator, 
Equilibrium between the dye and the nucleotide system was 
attained by use of an acetone-precipitated fraction from spinach 
chloroplasts. An average value for the Fy’ at pH 7.0 of —0.317 
volt was obtained. The slope of the E'o’:pH curve was shown to 
be —0.0301 volt per pH throughout the pH range investigated, 
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This paper describes experiments on the effect of the oxida- 
tion-reduction state of the respiratory carriers in fragments of 
mitochondria on three partial or intermediate reactions of the 
oxidative phosphorylation mechanism which occur in the absence 
of net electron transport, namely the adenosine 5’-triphosphate- 
inorganic _P*? exchange reaction (1), the ATPase and dinitro- 
phenol-stimulated ATPase activity (2), and the ATP-ADP ex- 
change reaction (3). Evidence has already been presented that 
these three reactions reflect the activity of intermediate en- 
zymatic steps in the coupling process, which in its simplest terms 
has been postulated (4, 1, 5) to consist of the following reaction 
sequence: 


electron transfer 


Carrier + X > carrier ~ X (1) 
Carrier ~ X + P;!} — carrier + P~ X (2) 
ADP=X4+ ATP (3) 


where X represents a substance with which the carrier forms a 
high-energy linkage during electron transfer (6, 7). The ATP- 
P;* exchange reaction is the sum of the reversible Reactions 2 
and 3 (1, 5), the ATPase activity is the sequence of Reaction 
3and Reaction 2, followed by hydrolytic breakdown of carrier ~ 
X (2, 5) with liberation of inorganic phosphate, and the ATP- 
ADP exchange is represented by Reaction 3 (3, 5). This formu- 
lation implies that the respiratory carrier may be a direct molec- 
ular participant in the ATP-P;* exchange reaction and in the 
ATPase activity, but not in the ATP-ADP exchange. 

Thermodynamic considerations alone do not suffice to deter- 
mine whether the postulated high-energy intermediate carrier ~ 
X contains the carrier in the oxidized state or in the reduced 
state. Formation and utilization of the ‘“energy-charged” form 
of the carrier can be formulated in two different ways as the 
following alternative sets of equations show: 


Carrierreg + X + oxidant — carriero, ~ X + reductant (4) 
Carriero, ~ X + P; carrier... + P~ X (5) 
P~X+ ADP2 ATP4+X (6) 


* Supported by grants from the National Institutes of Health, 
The Nutrition Foundation, Inc., the National Science Founda- 
tion, the Albert and Mary Lasker Foundation, Inc, and the 
Whitehall Foundation. 

+t Postdoctoral fellow of the United States Public Health Serv- 
ice, 1956-1957. 

‘The abbreviations used are: P;, inorganic phosphate; Tris, 
tris(hydroxymethy])aminomethane. 


or alternatively: 
Carrierox + X + reductant — carrierrea ~ X + oxidant (7) 
Carrierrea ~ X + Pj = carrierrea + P ~ X (8) 
P~xX-+ADP= ATP +X (9) 


The “energy-rich” state of the carrier may thus be generated, as 
in Reaction 4, by removal of electrons from a “low-energy” re- 
duced form to yield the high-energy oxidized form (4, 8, 5) or as 
in Reaction 7 of the second sequence, by addition of electrons 
to a low-energy oxidized form of the carrier to form a high- 
energy reduced form (9, 10). 

The experiments to be described show that the ATP-P;* 
exchange and the ATPase activity in submitochondrial frag- 
ments occur at maximal rates when the carriers are fully oxidized 
and are substantially or nearly completely inhibited by reduction 
of the carriers. This finding is consistent with the view that the 
oxidized forms of the carriers are actual participants in the 
ATP-Pi® exchange and the ATPase reaction and that the 
oxidized state is the energy-rich form. The ATP-ADP exchange 
on the other hand was not inhibited by reduction of the carriers 
under conditions which inhibited the other partial reactions, in 
agreement with earlier findings that this terminal reaction may 
be dissociated from the rest of the coupling sequence. 

A preliminary note describing some of these findings has been 
published (5). 


EXPERIMENTAL METHODS 


Rat liver mitochondria were prepared by the sucrose method 
and washed three times with 0.25 m sucrose. The digitonin 
fragments of rat liver mitochondria were prepared by the modi- 
fied method of Devlin and Lehninger (11). 

The ATP-P;® exchange reaction was measured as described 
before (1). The basic test system contained 0.006 m ATP, 1 x 
10-4 m phosphate labeled with P*, buffered with 0.02 m Tris-HCl 
above pH 7.0 or ATP below pH 7.0, and an aqueous suspension 
of digitonin fragments, in the amounts shown, in a total volume 
of 1.0 ml. Reactions were carried out at 23° for the time in- 
tervals shown, stopped with trichloroacetic acid, and the P* 
uptake measured. The rate of exchange was calculated on an 
absolute molar basis from the average specific activity of the 
precursor inorganic phosphate (1-3). 

The ATPase activity (2) was measured by determining in- 
organic phosphate liberated in the above test system by the 
method of Martin and Doty (12), in the absence or presence of 
dinitrophenol as shown. 
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TABLE I 


Effect of oxidation-reduction state of carriers 
on rate of ATP-P;*? exchange 

Thunberg tubes contained 6 wmoles of ATP and 0.5 umole of 
P; labeled with P*® (= 2 X 10% c.p.m.) (pH 7.4) in the side arm 
in a volume of 0.20 ml. Main compartment contained 20 umoles 
of Tris-HCl buffer, pH 7.4, digitonin fragments suspended in H2O 
in amounts shown, 1.0 umole of pL-6-hydroxybutyrate as shown 
in a volume of 0.80 ml. In Experiments No. 1 to 4 all tubes were 
flushed with N» and evacuated at 0°; air was then readmitted in 
oxidized tubes only. In Experiments No. 5 to 8 the main com- 
partment contained 0.001 mM NaCN, pH 7.4, in addition to com- 
ponents above, but was not evacuated. All tubes were first 
equilibrated 10 minutes at 22°, side arm contents were added to 
main compartment (to make total volume of 1.0 ml.), and the 
complete media were then incubated for 15 minutes at 22°. Each 
experiment was carried out on a different enzyme preparation. 


Experiment No. Enzyme N State of carriers 
A. Reduction produced by anaerobiosis: 

mg. | mymoles AT % 

1 38 Oxidized 43.2 
Reduced 9.4 78 

2 37 Oxidized 32.6 
Reduced 8.1 75 

3 44 Oxidized | ey 
Reduced | 85 

4 33 Oxidized 28.7 
Reduced 9.0 68 

B. Reduction produced by cyanide: 

5 9 Oxidized 1.9 
Reduced 0.2 90 

6 10 Oxidized 3:5 
Reduced 0.4 89 

7 13 Oxidized | 
Reduced 1.0 | 86 
| 

8 25 Oxidized 17.0 

Reduced | 6.0 65 


The ATP-ADP exchange was measured using ADP labeled 
with C™ in position 8 of the adenine moiety, as described in 
another paper (3); adenine nucleotides were quantitatively 
separated by paper chromatography and measured by light 
absorption at 260 my. Radioactivity of the nucleotides was 
determined on aliquots of the eluates of appropriate portions 
of the paper chromatograms (3). 

The oxidized and reduced states of the respiratory carriers in 
the digitonin fragments were instituted in a preincubation period 
by general methods already discussed (13). The oxidized state 
was produced by exposing the digitonin fragments to air and air- 
equilibrated solutions in the absence of any added oxidizable 
substrate for 10 minutes at 20—-23° before adding ATP and other 
components of the enzymatic test system. The reduced state 
of the carriers was induced in two ways. In the first, 6B-hydroxy- 
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butyrate was added to a buffered suspension of digitonin particles 
as the reductant of the respiratory chain in the main compart- 
ment of a Thunberg tube placed in an ice bath; the remaining 
components of the test medium were placed in the sidearm. The 
tubes were evacuated with an oil pump, filled with nitrogen, 
and re-evacuated. The cycle was repeated twice more, keeping 
the tube in the ice bath at all times to eliminate frothing. The 
thoroughly evacuated tube was then sealed and equilibrated for 
5 to 10 minutes at 23°, as were the corresponding “oxidized” 
tubes. The whole evacuation procedure required but two min- 
utes. To start the reaction, the ATP and P;® were tipped in 
from the side arm and incubation carried out at 23° for the 
periods specified. The reactions were stopped by addition of 
cold trichloroacetic acid. Experiments were always carried out 
in duplicate sets of paired tubes, 7.e. two tubes containing the 
respiratory chain in the oxidized state and two tubes with the 
carriers in the reduced state. To control any damage to the 
digitonin enzyme particles by evacuation and frothing (no signifi- 
cant damage was ever observed), the enzyme in the ‘‘oxidized” 
tubes was also evacuated and brought into the reduced state 
exactly as in the case of the “reduced” tubes; air was then re- 
admitted before the first equilibration period. 

Reduction of the carriers was brought about also by adding 
p1i-G-hydroxybutyrate as reductant in the presence of 0.001 m 
NaCN; it was then unnecessary to remove oxygen since cyanide 
reacts with cytochrome a3, causing the preceding carriers to be- 
come fully reduced. The digitonin particles were incubated with 
B-hydroxybutyrate and cyanide for 5 to 10 minutes before addi- 
tion of the ATP and P;*; paired tubes with carriers in the oxi- 
dized state were always incubated under the same conditions. 

Maintenance of the carriers in the oxidized and reduced state 
was monitored by rapid measurement of difference spectra with 
the Beckman DK-2 ratio-recording spectrophotometer as de- 
scribed before (13). 


RESULTS 


Oxidation-reduction State and ATP-P;** Exchange Reaction in 
Digitonin Fragments—Maintenance of the respiratory chain of 
the digitonin fragments in the fully oxidized state produced 
apparently full activity of the ATP-P;* exchange reaction, 
whereas maintenance of the carriers in the reduced state caused 
substantial inhibition of the exchange reaction, as is shown by 
the typical data on 8 different enzyme preparations summarized 
in Table I. In Experiments No. 1 to 4 the reduced state of the 
carriers was produced by evacuation of the test system in a 
Thunberg tube to produce anaerobiosis, with B-hydroxybutyrate 
as enzymatic reductant of the respiratory chain. The oxidized 
state of the carriers was produced by exposing the enzyme to air 
and air-saturated solutions in the absence of added reducing 
substrate; all other conditions were identical. 
four typical experiments under such conditions, maintenance 
of the carriers in the reduced state produced up to 85 per cent 
inhibition of the ATP-P;* exchange reaction. 

When the reduced state of the carriers was instituted by add- 
ing cyanide to inhibit cytochrome a3, in the presence of B-hy- 
droxybutyrate as reductant, inhibition of the ATP-P ;* exchange 
reaction also took place with about the same effectiveness and 
often was as high as 95 per cent (Table I, Experiments No. 5 
to 8). 

These experiments were frequently monitored by measure- 
ment of difference spectra, using the peaks of reduced cyto- 
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chromes c and a + az; and the trough of the flavoprotein as 
criteria. Within the experimental error of some 10 per cent in 
such measurements, the carriers were completely reduced by 
the treatments described (cf 13). The presence of adenine 
nucleotides and phosphate was not required for institution of 
the fully oxidized and reduced states of the respiratory chain in 
the digitonin fragments during the relatively long (5 to 10 min- 
utes) preincubation periods used, in agreement with the finding 
that the digitonin fragments respire at a significantly high rate 
in the absence of phosphate acceptor (5). 

The extent of inhibition of the ATP-P;* exchange reaction 
produced by reduction of the carriers under the conditions de- 
scribed in Table I varied considerably but in all experiments 
was at least 50 per cent. Further investigation showed that 
the degree of inhibition is affected by a number of variables. 

Effect of ADP and Phosphate on Inhibition of Exchange by Re- 
duction—Earlier work showed that the rate of the ATP-P;* 
exchange may vary widely depending on the concentrations of 
ATP, ADP, and phosphate, and their relative ratios (1). The 
effect of some extremes in these ratios on the inhibition of the 
exchange by reduction of the carriers was therefore investigated 
and some representative data are shown in Table II. It is 
seen that when the carriers are in the oxidized state, increasing 
the ADP concentration in the reaction system causes inhibition 
of the ATP-P;*? exchange reaction, as was shown in an earlier 
study in which the oxidized state of the carriers was held constant 
1). 

However the important finding was made that the degree of 
inhibition of the ATP-P; exchange reaction by maintenance 
of the carriers in the reduced state is critically dependent upon 
the concentrations of ADP and P; in the test system. The data 
in Table Il show that the inhibition of the ATP-P; exchange 
reaction by maintenance of the carriers in the reduced state is 
maximal when the initial concentrations of ADP and P; are low. 
However inhibition is not observed (a) if the initial P; concentra- 
tion is high (0.01 m), (0) if the initial ADP concentration is high 
(0.006 m), or (c) if both P; and ADP are present in high con- 
centrations. Similar experiments showed that a high initial 
concentration of ATP (>0.002 Mm) is most favorable for maximal 
inhibition of the ATP-P;* exchange by reduction of the carriers. 

It may be concluded that the oxidation-reduction state of the 
respiratory carriers is most critical or rate-limiting for the ATP- 
P;® exchange when the initial concentration of ATP is relatively 
high and the initial concentrations of ADP and P; are relatively 
low. These observations thus indicate that oxidation-reduction 
state of the carriers is not always the rate-limiting factor of the 
complex ATP-P;* exchange reaction. This finding may be one 
of the factors underlying the failure of Bronk and Kielley (14) 
to observe inhibition of the ATP-P;* exchange by reduction of 
the chain in sonic fragments of mitochondria and of others (15, 
16) to observe significant inhibition by reduction of the carrier 
chain in intact mitochondria. 

Effect of Nature of Chain Reductant—The experiments de- 
scribed to this point employed 6-hydroxybutyrate as reductant 
of the respiratory chain since the digitonin preparations contain 
tightly bound p-@-hydroxybutyrate dehydrogenase and bound 
DPN (17, 18); this substrate is the most effective for studies 
of oxidation and phosphorylation in the digitonin fragments 
(17). However, these preparations also oxidize succinate by 
an antimycin A-sensitive pathway. Comparative tests were, 
therefore, carried out with succinate and 8-hydroxybutyrate 
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TABLE II 


Effect of ADP and phosphate on inhibition of 
exchange by reduction of carriers 


The basic test system contained 0.006 m ATP, pH 7.4, P;* 
(1 X 10° e.p.m.), 0.002 m 8-hydroxybutyrate, and 0.002 m NaCN 
in the ‘‘reduced”’ tubes only, amounts of digitonin fragments and 
initial concentrations of ADP and P; as shown below in total 
volume of 1.0 ml. The tubes were preincubated 5 minutes at 23° 
before addition of ATP, ADP, and P* from side arm. The com- 
plete reaction systems were then incubated 10 minutes at 23°. 


Additions ATP® formed 
Oxidation state 
12 ug. 
ADP Pj N N 
M M mumoles myumoles 
Oxidized 1x< | 1.0 10-4 2.4 23.8 
Reduced 1x 10-* | 1.0 XK 10-4 0.2 5.9 
Reduced ix 0.1 6.0 
Oxidized 0.006 1.0 <X 10-4 0.9 10.8 
Reduced 0.006 1.0 X 10-4 0.3 8.2 
Oxidized 1 X 10-4 0.01 10.0 103.0 
Reduced i * 306" 0.01 8.5 97 .0 
Oxidized 0.006 0.01 3.7 72.0 
Reduced 0.006 0.01 3.6 | 8.0 
TABLE III 


Effect of succinate and B-hydrorybutyrate as chain reductants on 
rate of ATP-P ;** exchange reaction 


The basic test system consisted of 0.006 m ATP, 0.02 m Tris 
buffer, pH 7.4, and 5 10-4 m (2 108 e.p.m.) in 1.0 ml. 
volume. Reduced system was obtained by adding 1.0 umole of 
indicated substrate and 2 uymoles of NaCN, and preincubating 
with buffered digitonin enzyme for 5 minutes. ATP and P*? were 
added to start reaction. Reaction time, 10 minutes at 23°. 


| ATP-P,2 


ne Enzyme N | Oxidation state | Reductant exchange 
ue. 
1 58 Oxidized 5.0 
Reduced | succinate 3:3 
Reduced | BOH* 3.7 
Reduced | BOH + succinate 1.1 
2 65 Oxidized 5.1 
Reduced — succinate 1.9 
Reduced  BOH 3.3 
Reduced | BOH + succinate 1.0 


* BOH, 8-hydroxybutyrate. 


as reducing agents for maintenance of the chain in reduced form. 
The data summarized in Table III show that succinate is about 
as effective as B-hydroxybutyrate when used as the respiratory 
chain reductant in causing inhibition of the ATP-P;” exchange 
reaction. This finding is not unexpected since succinate can 
cause reduction of the chain from cytochrome 6 to cytochrome 
a3 inclusive and also is known to maintain DPN in reduced form 
in intact mitochondria (19). However, the data in Table III 
show that the combination of 6-hydroxybutyrate and succinate 
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TaBLeE IV 
Effect of oxidation-reduction state on ATPase activity 

Test system contained 20 umoles of Tris buffer, pH 7.5, 1.0 
umole of 8-hydroxybutyrate and/or 1.0 umole of succinate, and 2 
umoles of NaCN, preincubated with digitonin enzyme 10 minutes, 
followed by addition of 6 umoles of ATP and activators as indi- 
cated below. Total volume was 1.0 ml. Reactions were carried 
out at 22°. Experiment No. 1, 40 ug. of enzyme N; reaction time, 
15 minutes. Experiment No. 2, 50 wg. of enzyme N; reaction 
time, 10 minutes. 


Exper- ‘ 4 ATPase Inhi- 
iment Oxidation state Reductant activ- nitiom 
No. ity 


imumoles| % 
Pi 


1 | (No added activator) | 


Oxidized | 450 
Oxidized 455 
Reduced BOH* 170 
Reduced BOH 165 60 
Reduced succinate 240 
Reduced succinate 250 | 40 
Reduced BOH + succinate 20 
Reduced BOH + succinate 35 | 97 
2 (a) No added activator 

_ Oxidized 155 

| Oxidized 160 

~ Reduced BOH + succinate 0 
Reduced BOH + succinate 0 100 

(b) 0.001 m dinitrophenol 
added 
Oxidized 690 
Oxidized 680 
Reduced BOH + succinate | 160 
Reduced BOH + succinate 165 76 
(c) 0.003 m MgCl. added 

Oxidized 1000 
Oxidized 1020 
Reduced BOH + succinate | 850 
Reduced BOH + suecinate | 860; 15 


* BOH, 8-hydroxybutyrate. 


as chain reductants produced more complete inhibition of the 
ATP-P,® exchange reaction than either reductant alone. This 
synergistic effect was especially apparent in those preparations 
of digitonin fragments which showed only minimal inhibition of 
the exchange when the reductant was 6-hydroxybutyrate alone. 
In some experiments over 90 per cent inhibition of the ATP-P;* 
exchange was achieved in the presence of both reductants. 

Earlier experiments had demonstrated that substantially 
complete reduction of the respiratory carriers in the digitonin 
fragments could be produced by 6-hydroxybutyrate alone (13). 
Similar difference spectra were therefore carried out with suc- 
cinate as reductant, which was also found to produce essentially 
complete reduction. A combination of the two reductants 
produced no further reduction of flavoprotein, cytochrome c, 
and cytochromes a + 43. 

Other Factors Affecting Relationship between ATP-P;? Ex- 
change and Oxidation-reduction State—It has been found that the 
inhibition of the ATP-P; exchange by reduction of the carriers 
is greatest when the enzyme concentration is low (see for ex- 
ample the data in Table II) and the reaction periods short. Pre- 
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sumably the basis for these effects lies in the fact that these 
preparations have considerable ATPase activity which causes 
continuous changes in the ratios of ATP, ADP, and phosphate 
during incubation. At high enzyme concentrations and over 
longer time intervals it can be expected that the concentrations 
of ADP and phosphate will become greater relative to that of 
ATP, a condition which experiments above show is less favorable 
for demonstrating the inhibition of the exchange by reduction 
of the carriers. 

Variation of pH had relatively little effect on the degree of 
inhibition of the ATP-P;* exchange by reduction of the carriers; 
this is in contrast to the effect of pH on the inhibition of ATPase 
activity described below. 

Effect of Oxidation-reduction State of Respiratory Carriers on 
ATPase Activity—The ATP-P;® exchange reaction and the 
ATPase activity of the digitonin fragments share a number of 
properties and have been postulated to be reflections of the ac- 
tivity of the coupling enzyme system (1, 2, 5). The data in 
Table IV demonstrate that the ATPase activity (in absence of 
2,4-dinitrophenol or Mg++ (2, 18)) was greatly inhibited when 
the respiratory chain was in the reduced state. Substantial 
inhibition was produced by either B-hydroxybutyrate or suc- 
cinate alone as chain reductants but was more nearly complete 
when the two reductants were added together, as in the case 
of the ATP-P;* exchange reaction described above. 

It is significant that reduction of the respiratory carriers greatly 
inhibits not only the unstimulated ATPase activity as shown in 
Experiments No. 1 and 2a but also the dinitrophenol-stimulated 
ATPase activity, as shown in Experiment No. 2b, Table IV. On 
the other hand, reduction of the carriers has relatively little in- 
hibitory action on the Mg**-stimulated ATPase activity (Ex- 
periment No. 2c, Table IV). These experiments thus indicate 
that the mechanism of stimulation of ATPase activity by Mg++ 
may be substantially different from the mechanism of stimula- 
tion by dinitrophenol or that different ATPases are stimulated 
by dinitrophenol and Mg*+ respectively (18, 20), the latter being 
less directly dependent on the oxidation-reduction state of the 
chain or perhaps not pertinent to oxidative phosphorylation. 

It is considered significant that the inhibition of ATPase ac- 
tivity by reduction of the carriers is sharply dependent on pH, in 
contrast to the case of the ATP-P;” exchange. The findings 
summarized in Fig. 1 demonstrate that inhibition of ATPase by 
reduction of the carriers is maximal at pH 7.5. 

These findings thus provide additional support for a common 
mechanistic denominator between the ATP-P;® exchange and 
the ATPase activity associated with phosphorylating electron 
transport. 

Effect of Oxidation-reduction State of Carriers on ATP-ADP 
Exchange—A reversible exchange reaction in which labeled ADP 


is incorporated into ATP occurs in the digitonin fragments and | 


ean be measured with either P-labeled ADP (1, 3) or ADP la- 
beled with C"™ in position 8 of the adenine moiety (3). The reac- 
tion is sensitive to 2 ,4-dinitrophenol in fresh digitonin fragments 
but this sensitivity is abolished by azide or by aging the frag- 
ments at 2° (3, 5). Evidence has been presented relating this 
exchange reaction to oxidative phosphorylation; the ATP-ADP 
exchange reaction represents the terminal reaction of oxidative 
phosphorylation by which ATP is formed (3). 

The comparative effect of the oxidation-reduction state of the 
respiratory carriers in the digitonin fragments on the ATP-P;*” 
and ATP-ADP (C"™) exchanges has been studied. The findings 
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Fic. 1. Effect of pH on inhibition of ATPase by reduced state 
of carriers. Test system contained 0.006 m ATP, and 5 X 10° 
dinitrophenol, 0.01 m Tris-acetate buffer mixtures, 50 ug. of digi- 
tonin enzyme N. Reduced tubes contained 0.001 m succinate, 
0.001 m 8-hydroxybutyrate, and 0.001 m NaCN. System was pre- 
incubated 5 minutes at 23° to institute oxidized and reduced 
states; reaction was begun by tipping ATP and proceeded 12 min- 
utes at 23°. 
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Fic. 2. Effect of oxidation-reduction state on ATP-ADP(C!4) 
exchange. The test system for the ATP-P ;* exchange system was 
0.006 m ATP, 1 X 10-4 m P; labeled with P* (1.5 X 108 ¢.p.m.) 138 
ug. of digitonin enzyme N, 0.02 m Tris, pH 7.4, in “‘reduced”’ tubes, 
and 0.002 m NaCN, 0.001 m 6-hydroxybutyrate, and 0.001 m suc- 
cinate. The pH was 7.4 and temperature 23°. Total volume was 
10 ml. The ATP-ADP exchange was measured with 0.006 m 
ATP, 0.0008 m ADP labeled with C™ (86,000 c.p.m.) at pH 7.4; 
138 wg. of enzyme N as above, and 0.02 m Tris buffer at pH 7.4. 
The reduced state was produced exactly as above. The volume 
was 1.0 ml. 


are summarized in Fig. 2. It is seen that the ATP-P;* exchange 
is maximal in the oxidized state and greatly inhibited in the re- 
duced state, as expected. However, the rate of the ATP-ADP 
(C) exchange reaction is not significantly affected by the oxida- 
tion-reduction state of the carriers. The results clearly indicate 
that the ATP-ADP (C™) exchange is either fully independent 
or at least much less immediately dependent on the oxidation- 
reduction state of the carriers than the ATP-P;® exchange, in 
agreement with its postulated position in the sequence of reac- 
tions of energy coupling (3, 5) and in agreement with the finding 
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TABLE V 


Effect of oxidation-reduction state on ATP-P;** exchange 
in intact mitochondria 


The test system contained washed rat liver mitochondria de- 
rived from 200 mg. of rat liver in 0.25 m sucrose; 0.02 m Tris buf- 
fer, pH 7.4; 0.005 m MgCl,; final concentration of 0.1 mM sucrose. 
In Experiment No. 1, reduced tubes contained 0.001 m 8-hydroxy- 
butyrate and 0.002 mM NaCN in addition to above components. 
In Experiment No. 2, reduced tubes contained 0.001 m 6-hydroxy- 
butyrate but no cyanide; the reduced state was produced by 
anaerobiosis. After 5 minutes preincubation at 23° to institute 
oxidized and reduced states, ATP and P;® (1.2 e.p.m.) 
were tipped from the side arm to yield final concentrations of 
0.006 m and 3 X 10-4 M respectively in a total volume of 1.0 ml. 
Reactions were run for periods shown. 


Experiment No. State of carriers Time ATP-Pj*? exchange 
minutes mypmoles ATP 

1 Oxidized 1 513 
Reduced 1 70 

Oxidized 2 697 

Reduced 2 112 

Oxidized 5 902 

Reduced 5 254 

2 Oxidized 3 400 
Reduced 3 106 

| Oxidized 5 | 453 

Reduced 5 | 132 

| Oxidized 7 | 565 

| Reduced 7 | 165 


that this exchange may proceed independently and without con- 
nection with the ATP-P;* exchange (3). 

Effect of Oxidation-reduction State on ATP-P;* Exchange in 
Intact Mitochondria—The inhibition of the ATP-P;® exchange 
reaction by maintenance of the carriers in the reduced form can 
also be shown in intact rat liver mitochondria under appropriate 
conditions, as is shown by typical data in Table V. It is seen 
that the exchange can be inhibited up to 90 per cent when the 
carriers are kept reduced. Furthermore, the effect can be ob- 
served either under fully anaerobic conditions or by use of cyanide 
to inhibit cytochrome a;._ Boyer et al. (15) have observed only 
small inhibitions of the exchange in such experiments with intact 
mitochondria. However, as in the case of the submitochondrial 
fragments, the oxidation-reduction effect in intact mitochondria 
is dependent on a number of factors, such as nucleotide and phos- 
phate concentration. Furthermore, it is most conspicuous when 
initial reaction rates are observed, as is shown by the experi- 
mental findings summarized in Fig. 3. Because of the very 
high rate of the ATP-P;®” exchange in intact mitochondria, iso- 
topic equilibrium is often very quickly reached and measurement 
of the effect of oxidation state on the ATP-P;* exchange with 
longer incubation periods can yield inconclusive and misleading 
data. 

As was observed by Myers and Slater (20), variation of the 
oxidation-reduction state of the carriers in intact mitochondria 
ordinarily has no effect on the ATPase activity, in the absence 
or presence of 2,4-dinitrophenol, in contrast to the findings with 
the digitonin fragments. The reasons for this finding are not 
entirely understood but it may be pointed out that the ATPase 
activity of intact mitochondria is heavily dependent on structural 
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Fic. 3. Effect of time of incubation on inhibition of ATP-P;*? 
exchange in intact mitochondria. Experimental details as in Ex- 
periment No. 1 of Table V. ATP concentration was 0.002 mM and 
inorganic phosphate concentration 0.004 m. Following preincu- 
bation to institute oxidized and reduced states, ATP and P ;* were 
tipped into main compartment to start incubation at 23°. 


and permeability factors involved in the “latency”? phenomenon, 
as well as the characteristic effects of dinitrophenol and other 
agents on the swelling and permeability of the mitochondrial 
membrane (21). Furthermore, changes in oxidation-reduction 
state of intact mitochondria cause large changes in permeability 
of the mitochondrial membrane (22). The digitonin subfrag- 
ments, on the other hand, are presumably much less organized 
morphologically and effects of oxidation-reduction state ap- 
parently are more directly expressed on the ATPase activity 
per se. 


DISCUSSION 


The data presented in this paper demonstrate that under 
specified experimental conditions the rates of the dinitrophenol- 
stimulated ATPase activity and the ATP-P;® exchange reaction 
are strikingly affected by the oxidation-reduction state of the 
respiratory chain in the mitochondrial fragments studied, in 
consonance with the hypothesis that certain of the carriers in 
the respiratory chain are actual participants in these partial re- 
actions of oxidative phosphorylation and that they participate in 
a specific oxidation-reduction state. If these reactions of ATP 
are related to the mechanism of energy coupling in the gen- 
eral manner postulated above, for which considerable evidence 
has now accumulated (5), then the energy-rich or “charged” 
form of the three specific respiratory carriers is the oxidized state. 
This conclusion must however be qualified by the following 
considerations. 

1. There are three phosphorylation sites in the respiratory 
chain, all of which contribute, but with varying efficiencies, to 
the over-all P:2e ratios of the digitonin fragments (5). The 
relative contribution of the three sites to the over-all ATPase 
activity and the ATP-P;* exchange activity is unknown, al- 
though Myers and Slater (20) have presented evidence of three 
different contributing ATPase activities in intact rat liver mito- 
chondria. Obviously if one of the three sites makes only a minor 
contribution to the total activities measured, the response of 
this site to variation of oxidation-reduction state cannot neces- 
sarily be determined precisely. 

2. It is conceivable that the coupling mechanism at one of 
the phosphorylation sites is dependent upon the reduced state 
of the linked carrier as the “‘energy-rich” form, for example, 
whereas the other two sites are dependent on the oxidized state. 
Such a situation could account for the less than complete in- 
hibitions observed. 

3. It is possible that the ATPase and ATP-P;®” exchange 
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reactions at one or more of the three phosphorylation sites may 
proceed independently of the oxidation-reduction state of its 
specifically linked carrier under the conditions employed, which 
may not be suitable for observing dependence on oxidation state 
for each of the three sites. This appears probable from the 
dependence of the extent of inhibition on the concentrations of 
ATP, ADP, and phosphate; the three sites may differ significantly 
in affinity for these components. 

4. It is possible that a significant component of the measured 
ATPase and exchange activities is contributed by enzymatic 
reactions which are essentially irrelevant to the coupling mech- 
anisms; actually Myers and Slater (20) have presented evi- 
dence for an ATPase in intact mitochondria which is apparently 
not associated with oxidative phosphorylation. However, the 
ATP-P;” exchange in the digitonin fragments is completely 
sensitive to dinitrophenol and presumably is entirely linked to 
the coupling mechanism, but intact mitochondria catalyze ATP- 
P ;? exchange reactions which may not be associated with respir- 
atory chain phosphorylation (cf. 23, 24). 

5. It is possible that only a few per cent of any of the linked 
carriers in the oxidized state suffice for nearly maximal rates of 
ATPase and the exchange, and that the methods used for reduc- 
tion of the chain fall short of producing complete reduction. 

6. It is possible that there are ancillary substances, not in the 
respiratory chain, which may exist in oxidized or reduced forms 
and which are capable of altering the rate of the reactions tested. 

The foregoing qualifications apply not only to the experiments 
described in this paper but also to other studies in which the 
effect of oxidation-reduction state on ATPase or exchange ac- 
tivity was examined (14-16, 20). 

The general conclusions drawn in this paper do not agree with 
the hypothesis of Chance and Williams (9) and Chance and 
Hollunger (10) that the reduced state of the carriers is the energy- 
rich form, which was based on spectroscopic examination of 
the characteristic behavior of the respiratory carriers in intact 
mitochondria to variations in supply of substrate, ADP, and 
oxygen. There appear to be no reasons to suppose that the 
mitochondrial fragments differ qualitatively from intact mito- 
chondria with respect to the behavior of the respiratory chain. 
However, their hypothesis is based on a number of assumptions 
and the interpretations drawn may not be unique. The ap- 
proach taken in this paper, although not without complications, 
has certain advantages in evaluating the thermodynamic aspects. 
of the coupling mechanism. Specifically, since the ATP-P;* ex- 
change reaction proceeds rapidly toward isotopic equilibrium, 
the incorporation of P; into the terminal phosphate of ATP must 
occur through phosphorolysis of a reaction intermediate having 
approximately the same free energy of hydrolysis as the terminal 
phosphate bond of ATP. The findings reported here indicate 
that the concentration or reactivity of this “high-energy” inter- 
mediate is maximal when the respiratory carriers are in the oxi- 
dized state. 

The finding that reduction of the respiratory chain inhibits 
both the ATP-P;” exchange and the dinitrophenol-stimulated 
ATPase activity in the digitonin fragments appears to exclude 
those formulations of the energy coupling mechanism in which 
respiratory carrier does not appear as an intermediate in both 
partial reactions. Thus, in the schemes postulated by Chance 
and Williams (9) and Myers and Slater (20), changes in oxidation 
state of the respiratory carriers would not be expected to alter the 
ATPase activity. However inhibition of both ATPase and the 
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exchange by reduction of the carriers is provided for in the scheme 
of reactions 4 to 6, where ATPase is the sequence of reaction 6 
and reaction 5, followed by hydrolytic breakdown of Car- 
rierox ~ %. Furthermore, the rationale for inhibition of the 
exchange activity following reduction of the carriers offered 
by Chance and Hollunger (10) is incompatible with inhibition 
of both the ATP-P;* exchange and dinitrophenol-stimulated 
ATPase. 

No evidence could be found that ATPase and exchange activity 
was maximal at intermediate oxidation states of the respiratory 
chain. ‘Titration’ of the chain with cyanide to produce inter- 
mediate steady states of the carriers between fully oxidized and 
fully reduced states yielded varying degrees of inhibition of 
the ATPase activity. These observations are inconsistent with 
the mechanism for the ATP-P;® exchange proposed by Léw 
et al. (16) which would require that the rate of the exchange is 
minimal in the fully oxidized and fully reduced states but maxi- 
mal in intermediate states. 

The finding that the combination of B-hydroxybutyrate and 
succinate as reductants of the respiratory chain produces sub- 
stantially greater inhibition of the ATPase and ATP-P;* ex- 
change reactions than when either reductant is used alone is 
rather puzzling, in view of the fact that essentially complete 
reduction of the measurable carriers is produced by either 
reductant alone. Two considerations seem pertinent to this 
finding. Jirnefelt et al. (25) have postulated that DPNH and 
succinate are oxidized by two separate chains of respiratory 
carriers in mitochondria. If this view is correct, it would be 
expected that both 86-hydroxybutyrate and succinate would be 
required to reduce both sets of chains fully. Secondly, it is 
possible that additional electron carriers beyond those now gen- 
erally accepted participate in phosphorylating electron transport, 
which are not detectable in the difference spectra as measured 
but which may react differently toward succinate and 6-hydroxy- 
butyrate. 

Direct reconstruction in vitro of the ATPase and the ATP-P;” 
exchange involving only a single phosphorylation site may now 
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be experimentally feasible (cf. 3, 5) and should reveal direct and 
conclusive results on this important question. 


SUMMARY 


The rates of the dinitrophenol-sensitive adenosine 5’-triphos- 
phate-inorganic P® exchange reaction and of the adenosine 
’-triphosphatase activity of subfragments of mitochondria 
capable of oxidative phosphorylation are maximal when the 
respiratory carriers present in the fragments are in the oxidized 
state; the rates are greatly diminished when the carriers are 
kept in the reduced state. The findings are consistent with the 
hypothesis that certain carriers of the respiratory chain are actual 
participants in these intermediate or partial reactions of oxida- 
tive phosphorylation and that the ‘“energy-rich” form of the 
carrier involves the oxidized state. 

The inhibition of these reactions is at a maximum when the 
ATP concentration is high and the concentrations of adenosine 
5’-diphosphate and phosphate relatively low. -The combination 
of B-hydroxybutyrate and succinate as reductdnts of the respir- 
atory chain(s) caused greater inhibition of these reactions than 
either substrate alone. 

The rate of the adenosine 5’-triphosphate-adenosine 5’-diphos- 
phate exchange reaction, which represents the terminal reaction 
of oxidative phosphorylation, is not affected by the oxidation- 
reduction state of the respiratory chain, in accordance with the 
coupling mechanism postulated earlier. 

In intact rat liver mitochondria the adenosine 5’-triphosphate- 
inorganic P® exchange reaction is also inhibited by maintaining 
the carriers in the reduced state. However, reduction of the 
respiratory chain did not cause inhibition of adenosine 5’-tri- 
phosphatase activity in intact mitochondria. 

The significance of these findings is discussed with respect to 
the mechanism of oxidative phosphorylation. 
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The Effect of Ultraviolet Light on Mitochondria 


II. RESTORATION OF OXIDATIVE PHOSPHORYLATION WITH VITAMIN ky AFTER 
NEAR-ULTRAVIOLET TREATMENT* 
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The demonstration by Martius and Nitz-Litzow (4), and 
Martius (5), that vitamin K, may play a functional role in 
oxidative phosphorylation in animals has led to an increased 
interest in the participation of vitamin K, and related quinones 
in electron transport, oxidative phosphorylation, and photo- 
synthetic phosphorylation. Since vitamin K, is altered by the 
action of ultraviolet radiation (6), we have treated rat liver 
mitochondria with near-ultraviolet light in order to alter such 
intramitochondrial components. After such treatment, oxida- 
tive phosphorylation with succinate as substrate is dependent 
upon the addition of cytochrome c, and oxidative phosphoryla- 
tion with glutamate as substrate is dependent upon the addition 
of cytochrome c and vitamin K;. The action of vitamin K, 
appears to be specific in that a number of related compounds do 
not restore oxidative phosphorylation. 


EXPERIMENTAL 


Reagents—Common chemicals were of analytical reagent 
grade. Solutions were prepared in deionized water and ad- 
justed to pH 7.4. The various coenzymes were procured from 
the Sigma Chemical Company; vitamin K,; was purchased from 
California Foundation for Biochemical Research; and d,a-to- 
copherol from Distillation Products Industries. 

Mitochondrial Preparation—Rat liver mitochondria, washed 
twice, were prepared in 0.25 m sucrose essentially according to 
Schneider and Hogeboom (7). Homogenation was performed 
in a motor-driven glass homogenizer with a Teflon pestle. All 
operations before final incubation with substrate were carried 
out at 0-2°. 

Irradiation Procedure—Mitochondria, at a density of 167 mg. 
equivalents per ml. (mitochondria derived from 167 mg. of 
fresh rat liver in 1 ml.) were irradiated with 14 General Electric, 
18-inch BLB lamps! for 60 minutes in a rotary irradiator pre- 
viously described (8). Quartz tubes were employed for the 
mitochondrial irradiation and control mitochondria were treated 
identically except that the tubes were covered with aluminum 
foil during irradiation. After irradiation, the particles were 
reisolated by high speed centrifugation. 


* This work was done under the terms of Contract AT (380-1)-911 
between the Physiology Department, Tufts University School of 
Medicine, and the Atomic Energy Commission. A preliminary 
communication has appeared (1) and was presented in part before 
the American Society of Biological Chemists, Philadelphia, Penn- 
sylvania, April 17, 1958 (2). Part I (3) of this series concerns the 
effect of 2537 A light. 

1 Over 93 per cent of the emission energy of these lamps is be- 
tween 3200 and 3800 A with maximal emission at 3550 A. 


Preparation of Oil Emulsions—Emulsions of vitamin K, and 


a-tocopherol, to be incubated with mitochondria, were prepared 


as follows. Stock ethanolic solutions of the vitamins were 
diluted and 1 ml. containing either 9 x 10-4 mg. of vitamin K, 
or 8.6 X 10-? mg. of a-tocopherol was pipetted into the chamber 
of a 9 kc. Raytheon magnetostrictive oscillator and dried under 
a stream of nitrogen. 10 ml. of 2 per cent bovine crystalline 
serum albumin in 0.25 m sucrose, pH 7.4, irradiated with a low 
pressure 15-watt General Electric germicidal lamp, were added 
and the mixture vibrated at full capacity for 15 minutes. The 
resulting emulsion is stable in the cold or frozen state for at 
least 2 weeks. All vitamin solutions were stored in low actinic 
glassware. 

Incubation Procedure—The reisolated mitochondria were sus- 
pended in 0.25 m sucrose and 1 ml. of either the solution 
containing a compound to be tested for restorative activity or 
sucrose solution was added. The particles remained in the 
cold with occasional gentle agitation for 5 additional minutes. 
The mitochondrial suspension was then added to 10 ml. of a 
solution (0-2°) containing (500 umoles); glucose (600 
umoles); AMP (43 umoles); KCl (1500 umoles); and tracer 
P?, pH 7.4. Of this standard suspension, 1.5 ml. containing 
500 mg. equivalent of mitochondria was added to Warburg 
vessels which contained 0.2 ml. of 20 per cent KOH in the center 
well fitted with a filter paper wick, either succinate or glutamate 
(30 umoles), Mg** (7.5 umoles), and hexokinase (330 KM _ units). 
Incubation vessels contained 1.5 wmoles of DPN, 2 x 10-5 
umoles of vitamin 2 10-* umoles of d,a-tocopherol, 8 X 
10-2 umoles of cytochrome c, and crystalline bovine serum al- 
bumin, 2 mg. per ml. when these components were added. KCl, 
1.15 per cent, was added to make a volume of 2.0 ml. of reaction 
mixture. Substrate and hexokinase were contained in the side 
arms and were tipped into the main compartment to initiate the 
reaction. No equilibration period was employed. The reaction 
proceeded at 31° for 20 minutes and: was terminated by the addi- 
tion of 0.2 ml. of 5m HeSO,. 

Analyses—The ymoles of P;? esterified were determined on 
0.1-ml. aliquots of the Warburg vessel contents according to the 
isotope distribution method of Lindberg and Ernster (9). The 
isotope distribution method was checked against the Fiske and 
SubbaRow method (10) and yielded quantitatively equivalent, 
although more consistent, results. Oxygen consumption was 


2The abbreviations used are: Pj, inorganic orthophosphate; 
quinone isolated from beef heart mitochondria (12); P:0O, 
ratio of umoles of P; esterified to watoms of oxygen consumed; 
Amytal, 5-ethylisoamylbarbiturate. 
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measured by the conventional Warburg manometric technique, 
readings being obtained every 5 minutes for a period of 20 
minutes. Since no equilibration period was employed, oxygen 
consumption for the first 5 minutes was obtained by extrapola- 
tion. This would tend to produce P:O ratios slightly lower 
than those which obtain when an equilibration period is used 
since phosphorylation probably proceeds more slowly during 
the first 5 minutes (during temperature elevation of the chilled 
mitochondrial suspension) than during subsequent periods and 
oxygen consumption for the first 5 minutes is taken as equal to 
the second 5-minute period. 

Photochemical Breakdown of Vitamin K,—The alteration of 
the vitamin K, molecule catalyzed by near-ultraviolet light 
was determined by irradiating absolute ethanol solutions of 
vitamin K, in quartz Beckman cuvettes placed 1 cm. from the 
surface of one General Electric 18-inch BLB lamp. Extinction 
loss was measured with a Beckman model DU spectrophoto- 
meter for 1 hour at 3280 and 3660 A after each 10 minutes of 
irradiation. 


RESULTS 


Irradiation E-ffect—When mitochondria were irradiated with 
near-ultraviolet light for varying periods of time, a loss of both 
the oxidative and phosphorylative ability with glutamate and 
succinate as substrates was observed (Table 1). The data in 
Table I also reveal that oxidation and phosphorylation with 
glutamate as substrate were more sensitive to the radiation 
than were those from succinate. Also apparent was the greater 
sensitivity to irradiation of the phosphorylative system linked 
to both substrates, as compared to the oxidative system. 

Restoration with Vitamin K,—Inactivation of oxidative phos- 
phorylation with succinate as substrate was partially reversed 
by the inclusion of cytochrome c to the mitochondrial system 
(Table II). Lower concentrations of cytochrome c than that 
reported did not appear to be as effective, and greater concentra- 
tions were at times somewhat less effective restorers of high 
P:O ratios. Vitamin K, plus cytochrome c did not significantly 
inhibit the control mitochondrial system with either succinate 
or glutamate as substrate. The addition of vitamin K, to the 
irradiated system with succinate as substrate had no effect on 
the P:O ratios when the system was either inhibited by near- 
ultraviolet treatment or restored by the addition of cytochrome 
c. Albumin was without restorative effect when either substrate 
was employed. With glutamate as substrate the addition of 
cytochrome c, DPN, or albumin did not result in restoration. 
The addition of vitamin K, alone partially restored the oxidation 
of glutamate and associated phosphorylations, the latter effect 
being of greater magnitude. Inclusion of cytochrome c plus 


TABLE I 

Effect of near-ultraviolet light on oxidative phosphorylation 
Substrate | AP; P:0 

min patoms pmoles 
0 16.4 30.2 1.84 
30 14.4 24.8 1.72 
Suecinate............ 60 6.6 4.2 0.64 
Glutamate........... 0 17.1 44.4 2.59 
Glutamate........... 30 8.8 8.5 1.04 
60 4.3 3.2 0.77 
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TABLE II 
Restoration of oxidative phosphorylation after irradiation 
Irradiation time, 60 minutes. 


Conditions Substrate Additions AP; P:O 
| patoms | umoles 
Control. ....... Succinate | None 16.9 | 32.2 | 1.90 
Control........ Succinate | K; + cyto- | 16.1 | 29.6 | 1.84 
chrome c 
Irradiated. ....| Succinate | None 7.9 | 5.3 | 0.67 
Irradiated. ....| Succinate | Albumin 7.9 | 5.8 | 0.74 
Irradiated. ....| Succinate | K, 6.4) 3.9 | 0.59 
Irradiated. ....| Succinate | Cytochromec | 14.7 | 23.4 | 1.59 
Irradiated. ....| Succinate | K; + ecyto- | 15.1 | 22.7 | 1.50 
chrome 
Control........ Glutamate | None 17.5 | 45.6 | 2.61 
Control........ Glutamate | Ki + cyto- | 16.4 | 41.3 | 2.52 
chrome c 
Irradiated. ....| Glutamate | None 4.7 | 3.7 | 0.79 
Irradiated. ....| Glutamate | Albumin 3.9 | 2.8) 0.71 
Irradiated. ....| Glutamate | DPN 4.6 | 3.1 | 0.67 
Irradiated. ....| Glutamate | K, 9.4 | 14.6 | 1.55 
Irradiated. .... Glutamate | Cytochromec | 4.2) 2.8 | 0.67 
Irradiated. ....| Glutamate | K; + cyto- | 14.9 | 34.4 | 2.31 
chrome c 
TaB_Le III 


Effect of quinones on oxidative phosphorylation after irradiation 


All quinones, except Vitamin K,, Q:7;, and M. phlei extract, 
were 10° m final concentration. Qo;; = 0.1 mg. per flask; M. 
phlet extract = approximately 0.05 mg. per flask. Substrate, 
glutamate; all flasks contained cytochrome c, 4 X 10°° m. 


Additions P:0 
patoms umoles 
Control 
Irradiated 
7.7 7.4 0.96 
Menadione diphosphate. ..... 3.9 2.4 0.62 
1,4-Napthaquinone........... 4.6 2.9 0.63 
d,a-Tocopherol............... 4.1 2.2 0.54 
M. phiet, extract............. 7.9 8.2 1.04 
Near-ultraviolet treated vita- 


vitamin K, restored both glutamate oxidation and electron 
transport phosphorylation to nearly original levels, resulting 
in nearly maximal P:O values. 

Effect of Other Quinones—A number of other preparations were 
tested for restorative activity (Table III). Of those listed in 
Table III, only three appeared to have any influence on the 
radiation-inhibited system. Vitamin K, exhibited its usual re- 
storative effect on oxidation and phosphorylation. Both 
vitamin K, diacetate and the Mycobacterium phlei extract, 
which has been shown by Brodie et al. (11) to contain a quinone- 
like compound and to be necessary for oxidative phosphoryla- 
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EXTINCTION 


Fig. 1. The effect of near-ultraviolet light on vitamin Ky). 
O——O = extinction at 3280 A; X----- xX = extinction at 3600 A. 
Other conditions as stated in Experimental section. 


Final concentrations of inhibitors: Amytal, 1.8 X 107% m; 


40 
MINUTES 


TABLE IV 
Effect of Inhibitors on Restored Oxidative Phosphorylation 


Dicumarol, m; DNP,* 107° a. 


60 


Conditions Substrate Additions AO2 AP; P:O 
patoms | umoles 

a Succinate | None 13.9 | 26.2 | 1.88 
Succinate | DNP 14.2) 0 
eee Succinate | Amytal 13.5 | 24.8 | 1.84 
Succinate | Dicumarol 12.8; 0 
Irradiated. ....| Succinate | None 3.8) 1.6 0.48 
Irradiated. ....; Succinate | Cytochromec | 10.7 | 15.6 | 1.46 
Irradiated. ....| | Cytochrome | 10.3 0 

c, DNP 
Irradiated. ....| Succinate | Cytochrome 11.1 | 14.8 1.34 

c, Amytal 
Irradiated. ....| Succinate | Cytochrome 9.9; 

c, Dicuma- 

rol 
ee Glutamate | None 14.6 | 39.0 | 2.67 
Comtecl........ Glutamate | DNP 14.9 
Glutamate | Amytal 0.9 | 0.2 0.02 
..... Glutamate | Dicumarol 12.7 | 0 
Irradiated..... Glutamate | None 3.2; 2.0 | 0.62 
Irradiated. ....| Glutamate | Cytochrome 12.8 | 28.5 | 2.22 

C, kK, 
Irradiated. ....| Glutamate | Cytochrome | 13.0/| 0 

c, Ki, DNP 
Irradiated. ....| Glutamate | Cytochrome 1.6) 0.3 | 0.02 

c, Ky, Amy- 

tal 
Irradiated. .... Glutamate | Cytochrome | 12.4) 0 

Ky, Dicu- 

marol 


* DNP, 2,4-dinitrophenol. 


tion with DPNH as substrate in M. phlei extracts after near- 
ultraviolet irradiation, exhibited partial restorative activity. 
Qo7s,2 which has been reported to restore mitochondrial oxidation 
of succinate after heptane extraction (12), was not active in this 
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system, nor was vitamin K, which had previously been irradiated 
with near-ultraviolet light. d,a-Tocopherol, reported to be in- 
volved in mammalian DPNH-cytochrome c¢ reductase (13), was 
also not capable of restorative activity. 

Effect of Near-ultraviolet Light on Vitamin K,—Exposure of 
vitamin K, to near-ultraviolet light resulted in an extinction 
loss at the 3280 A peak as well as a loss of extinction at a shoulder 
near the irradiation source at 3600 A (Fig. 1). 

Effects of Inhihitors on Restored System—The effect of three 
metabolic inhibitors, Amytal, 2,4-dinitrophenol, and Dicumarol, 
was studied on the vitamin K,-restored oxidative phosphoryla- 
tion system (Table IV). The restoration of succinate oxidation 
by cytochrome c, and glutamate oxidation by cytochrome c 
plus vitamin K,, was observed in the presence of 2,4-dinitro- 
phenol. The rate of oxidation of each of these substrates upon 
restoration was not seriously. affected by 2,4-dinitrophenol. 
Amytal, which is known to block completely electron transport 
from DPN-dependent substrates over a phosphorylative pathway 
(14), inhibited electron transport with glutamate as substrate 
in the vitamin K,-restored system (Table IV). Amytal did not 
inhibit the cytochrome c-restored succinate oxidation nor asso- 
ciated phosphorylations. Dicumarol, a potent uncoupler of 
oxidative phosphorylation, which may act as a competitive 
inhibitor of vitamin K (15), also inhibited electron transport 
phosphorylation in the restored systems without seriously affect- 
ing the rate of oxidations (Table IV). 


DISCUSSION 


Since the original suggestion by Martius and Nitz-Litzow (4) 
and Martius (5) that vitamin K,; may be a component of the 
oxidative phosphorylation system in animals, a number of re- 
ports, both theoretical and experimental, concerning a possible 
role for quinones in electron transport, oxidative phosphoryla- 
tion, and photosynthetic phosphorylation have appeared. For 
example, Wessels (16) has postulated a role for vitamin K in 
photosynthetic phosphorylation on the basis of the demonstra- 
tion that vitamin K antagonists such as Dicumarol, 2-methyl- 
1 ,3-napthaquinone, phthiocol, and others, inhibit this reaction 
in chloroplasts. Wessels postulates the reduction of both 
carbonyl! groups of vitamin K, a phosphorylation by P; in the 
4-position, a labilization of the ester (O—P) bond upon reoxida- 
tion of the 1-position, and the subsequent transphosphorylation 
to ADP to form ATP. This cyclic reaction would involve the 
passage of 2 electrons from the hydroquinone to, presumably, an 
oxidized cytochrome. More recently, Arnon et al. (17) and 
Wessels (18) have provided experimental evidence for such a 
view by demonstrating a vitamin K3 (menadione) dependence of 
anaerobic photosynthetic phosphorylation. In bacterial sys- 
tems, Wosilait and Nason (19) have reported the existence of a 
menadione reductase in [Escherichia coli, and Weber and Brodie 
(20) have recently studied a menadione-dependent cytochrome ¢ 
reductase in M. phlei extracts. Brodie et al. (11) have also 
presented evidence for an obligatory role for vitamin K, in 
coupled oxidative phosphorylation in extracts of M/. phlev. In 
animal tissues, Martius and his colleagues have reported lowered 
efficiency of coupled oxidative phosphorylation in liver mito- 
chondria isolated from vitamin K-deficient chicks (4) as well as 
the involvement of vitamin K, in electron transport with DPNH 
as substrate in a pig mitochondrial system (21). Dallam and 
Anderson (22) have reported that uncoupling of phosphorylation 
from electron transport may be brought about in isolated rat 
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liver mitochondria by treatment with far-ultraviolet light 
(2537 A) and that the phosphorylation may be almost completely 
restored by the addition of vitamin K;. Beyer (1, 2) has also 
presented preliminary data concerning the restoration of oxida- 
tion and phosphorylation in rat liver mitochondria by vitamin 
K, after inactivation by near-ultraviolet light. The phospho- 
rylation of ADP accompanying the oxidation of menadiol (re- 
duced vitamin K3) by heart muscle sarcosomes has been ob- 
served by Colpa-Boonstra and Slater (23). The isolation of a 
quinone from beef heart mitochondria (12, 24) and from various 
tissues (25-27) has been reported and more recently this quinone 
has been characterized and synthesized (28-30). This substi- 
tuted benzoquinone has been shown to be capable of undergoing 
reversible oxidation and reduction in the presence of mito- 
chondria and substrate (12, 31) and thus appears to be involved 
in electron transport. 

Subsequent to Wessels’ (16) hypothesis that vitamin K acts 
as a primary phosphate acceptor, Harrison (32) formulated a 
more generalized theory involving the phosphorylation of substi- 
tuted hydroquinones which transfer phosphate to ADP during 
oxidation by cytochrome c. Grabe (33) has provided theoretical 
evidence from statistical mechanical calculations for such a view, 
whereby the removal of 2 z-electrons from the benzene ring by 
the cytochrome complex may bring about activation of the 
phosphoryl group on position 4. Clark et al. (34) have presented 
chemical evidence which indicates that such reactions are possible 
in vitro. 

In the present work, near-ultraviolet light has been employed 
to study the role of light-sensitive compounds in electron trans- 
port and accompanying phosphorylations. Near-ultraviolet 
light treatment of mitochondria resulted in a progressive loss of 
the ability of these particles to oxidize succinate and glutamate 
as well as to couple efficiently the phosphorylation of ADP to 
electron transport. The DPN-dependent glutamate oxidation 
and accompanying phosphorylations were more sensitive to this 
type of irradiation than the oxidation of succinate and phos- 
phorylations accompanying succinate oxidation. Inhibition of 
the more resistant oxidative phosphorylation with succinate as 
substrate was reversed by the addition of cytochrome c to the 
incubation medium; however, cytochrome c alone did not have 
any appreciable restorative effect on phosphorylations accom- 
panying the DPN-dependent transfer of hydrogen from gluta- 
mate to oxygen. The addition of vitamin K, alone to the gluta- 
mate system partially restored oxidation and phosphorylation, 
but the same addition to the mitochondrial systems with suc- 
cinate as substrate was without effect. Both cytochrome c and 
vitamin K, were necessary for good restoration of oxidative 
phosphorylation with glutamate as substrate. These data 
indicate that a rate-limiting step in electron transport, before 
the point in electron transfer common to succinoxidase and 
glutamate oxidase, was inhibited by near-ultraviolet light treat- 
ment of mitochondria and that the inhibition before this com- 
mon point may be reversed by vitamin K,. Inhibition at the 
cytochrome level was common to both pathways, and thus the 
presence of cytochrome ¢ was necessary for good restoration of 
both the succinate and glutamate systems. 

A number of quinones other than vitamin Kj), as well as an 
extract of M. phlei exhibiting an absorption spectrum similar to 
vitamin K, (11), were tested as to their restorative activities 
in order to gain information on the specificity of vitamin Ky, in 
this irradiated system. Vitamin K; diacetate, which differs from 
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vitamin K, in that the 1 and 4 position carbonyl groups are 
acetylated, was able to induce slight restoration. This is in 
agreement with Brodie et al. (11) who found vitamin K;, diacetate 
to be somewhat restorative in a M. phlei system. A lipide 
extract of M. phlei, which, like vitamin K,, restores oxidative 
phosphorylation from DPNH in . phlei (11), was also capable 
of inducing slight restoration in the rat liver mitochondrial 
system. 275, a quinone which has been reported to participate 
in the succinoxidase system (12) was not active in restoring the 
system after treatment with light in the near-ultraviolet. d,a- 
Tocopherol, which has been reported (13) to be able to restore 
DPNH-cytochrome c reductase activity after extraction of the 
enzyme preparation with isooctane, was not active in our system. 
The absorption spectrum of vitamin K, was altered by near- 
ultraviolet light treatment, and after such alteration the vitamin 
was no longer capable of restoring electron transport with gluta- 
mate as substrate. Since it is generally stated that vitamin K, 
appears to be limited to green plants and vitamin K, to microbial 
systems (35), it does not seem reasonable to claim that vitamin 
K;, is present in mammalian mitochondria. It is more probable 
that the vitamin K, molecule is structurally similar to a com- 
ponent of this system and thus may replace the mitochondrial 
component after its alteration by near-ultraviolet light. 

Cooper and Lehninger (36) suggest that vitamin K;, is not a 
component of the electron transport system but acts as an 
intermediate phosphate carrier between electron transport and 
the final phosphorylation of ADP. Such an interpretation 
would imply that upon alteration of the intermediate phosphate 
in a tightly coupled system electron transport would be limited 
by the lack of available phosphate acceptor. Since electron 
transport was restored by vitamin K, in the presence of 2,4- 
dinitrophenol with glutamate as substrate, the vitamin K, re- 
placeable factor must function as an electron carrier in electron 
transport and not solely as an intermediate phosphate carrier. 
Dicumarol completely inhibits phosphorylation in the restored 
glutamate systems which is in agreement with Cooper and 
Lehninger (36) who have reported that Dicumarol blocks phos- 
phorylations in the span 6-hydroxybutyrate to oxygen and £- 
hydroxybutyrate to cytochrome c. These latter authors are in 
disagreement with Martius (5, 15) and Martius and Nitz- 
Litzow (4) who have offered the hypothesis that Dicumarol 
acts competitively with vitamin K in oxidative phosphorylation 
and that vitamin K functions in oxidative phosphorylation solely 
in the span DPNH to cytochrome ce. Our finding that vitamin 
K is able to restore oxidative phosphorylation in the glutamate 
pathway, but not in the succinate, as well as the finding that 
the vitamin K,-restored system is sensitive to Amytal, indicates 
that the step restored by vitamin K, precedes the point common 
to electron transport from succinate and DPNH and is thus 
between DPN and cytochrome 6. An alternative hypothesis 
to both those of Martius (5, 15) and Martius and Nitz-Litzow 
(4) and Cooper and Lehninger (36) is that quinones function 
as energy conservation sites in electron transport at all three 
phosphorylation sites, but that the quinones at each site differ 
from each other either structurally or in their linkage to ad- 
jacent electron carriers. ‘The quinones may be so structurally 
related as to be inhibited in their phosphorylative roles by 
Dicumarol, while at the same time only one of the quinones, 
that replaceable by vitamin Kj, is sensitive to alteration in situ 
by near-ultraviolet light. 
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SUMMARY 


Isolated rat liver mitochondria which have been irradiated 
with near-ultraviolet light partially lose the ability to oxidize suc- 
cinate and glutamate and to carry out oxidative phosphorylation. 
Oxidative phosphorylation with succinate as substrate is restored 
by the addition of cytochrome c, and oxidative phosphorylation 
with glutamate as substrate is dependent upon the addition of 
cytochrome c plus vitamin K;. Of a number of quinones tested, 
only vitamin K, acetate and a lipide extract of Mycobacterium 
phlet are capable of slight restoration. The inhibitors 2,4- 
dinitrophenol and Dicumarol uncouple all phosphorylations in 
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the restored systems, and Amytal blocks electron transport in 
the vitamin K,-restored system. These data indicate that 
near-ultraviolet light treatment of mitochondria alters a factor 
functioning in oxidative phosphorylation between diphospho- 
pyridine nucleotide and cytochrome b which may be replaced 
by vitamin K;. 
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The fundamental question whether the pyridine nucleotide 
coenzymes in mitochondria are bound to enzyme systems in a 
way which determines their ability to carry out coupled oxida- 
tive phosphorylation via the electron transport system has 
presented itself for a number of years. Although some of the 
earlier differences between oxidation via external diphospho- 
pyridine nucleotide and via internal diphosphopyridine nucleo- 
tide appear to be a matter of permeability (1-4), the basic 
implication that the binding of pyridine nucleotides may be 
important in coupling oxidation with phosphorylation receives 
support from several types of experiments (5). 

As a sequel to our earlier studies (6-9) on the release of pyr- 
idine nucleotide from rat liver mitochondria we undertook a 
study of rebinding or reincorporation of diphosphopyridine 
nucleotide. Mitochondria which have lost their pyridine nu- 
cleotide content as the result of preincubation with phosphate 
represent a preparation very suitable for such a study. It was 
well known from the earlier work that such preparations showed 
good oxygen consumption with very significant phosphorylation, 
sometimes nearly normal, when diphosphopyridine nucleotide 
and an appropriate substrate were added. Whether the resto- 
ration of phosphorylation was dependent upon rebinding of di- 
phosphopyridine nucleotide was not determined. 

Preliminary experiments indicated that DPN did become re- 
incorporated into rat liver mitochondria. This paper reports 
some of the detailed studies on this rather complex phenomenon. 
While this study was in progress, Lester et al. (10, 11) reported 
somewhat similar studies on rebinding of DPN to heart mito- 
chondria. On certain points there is agreement between the 
two studies; in other cases the approach has been quite different 
and direct comparison is not possible. 


EXPERIMENTAL 


Materials and Methods 


General Chemicals—All chemicals were of analytical reagent 
grade. Nucleotides and hexokinase (Type V) were the best 
grade from Sigma Chemical Company. Water redistilled in 
Pyrex glassware was used for all solutions. Rats were all males, 
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each weighing 125 to 250 gm., from the Holtzman Rat Company. 
Neurospora DPNase was prepared according to Kaplan (12). 

Mitochondria—Mitochondria were isolated by killing the rat 
with a blow on the head, quickly removing the liver, and chilling 
the liver for 5 to 10 minutes in 0.25 m sucrose. Weighed por- 
tions were homogenized in an all glass homogenizer of the Potter- 
Elvehjem type with a fairly loose-fitting pestle. Ice-cold 0.25 
M sucrose, 6 to 8 volumes, was generally used. In some of the 
later experiments, the mitochondria were isolated in 0.33 m 
sucrose as indicated in the tables. Ordinarily, 8 to 15 passes 
were made with the homogenizer tube on a pestle turning at 
600 r.p.m. The nuclear fraction was removed by centrifuging 
for 10 minutes at 1,500 x g (bottom of tube) in a Lourdes model 
SL centrifuge in a cold room. Mitochondria were brought down 
by centrifugation for 10 minutes at 8,000  g and washed twice 
with sucrose solution with centrifugation at 8,000 x g for 10 
minutes. Final stock suspension was on a 1:1 basis (mito- 
chondria from 1 gm. of liver in 1 ml. of sucrose medium). 

Pyridine Nucleotide Removal—Removal of pyridine nucleotide 
was accomplished by preincubation aerobically (6) with 0.02 m 
potassium phosphate, pH 7.3 to 7.4, for 15 to 20 minutes at 
30°. Routinely, 2.4 ml. of mitochondrial suspension + 0.6 ml. 
0.1 M PO, solution was used per tube. In a few experiments, 
pyridine nucleotide was removed by preincubation with certain 
metal ions or suspension in water. 

Reincorporation Procedure—Routinely, the reincorporation 
procedure was carried out directly on 0.5 ml. of the suspension 
from the phosphate preincubation (2.5 ml. if oxygen uptake was 
to be measured). Basically, three media were used, with com- 
position as follows: 

1. Complex medium: 0.25 m sucrose, 0.015 m Tris! (pH 7.4), 
0.005 m phosphate (pH 7.4), 0.02 m nicotinamide, 0.005 Mm MgCl., 
0.0025 m ATP, 0.008 m glutamate, and 0.002 m EDTA. 

2. STPN medium, containing only 0.25 m sucrose, 0.022 
mM Tris, 0.005 m phosphate (pH 7.4), and 0.02 m nicotinamide. 

3. STPA medium, containing only 0.25 m sucrose, 0.022 m 
Tris (pH 7.4), 0.005 m phosphate (pH 7.4), and 0.0025 m ATP. 

DPN and any substances being tested were added. The 
volume was brought to 2 ml. with sucrose solution. The mix- 
ture was incubated at 0° for 15 minutes, then centrifuged in the 
cold at 10,000 x g for 10 minutes. To remove DPN not re- 
incorporated, the mitochondria were washed 3 or 4 times with 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
STPN and 


acetate; Tris, tris(hydroxymethyl)aminomethane; 
STPA, media defined in the text. 
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TABLE I 
Effect of number of washings on amount of reincorporated pyridine 
nucleotide remaining in liver mitochondria 
Reincorporation: complex medium with nicotinamide (see 
‘‘Methods’’), 2 mm DPN, 0°, 15 min. 


| Total pyridine 
Mitochondria No. of washings nucleotide, wmoles/gm. 
of protein 
Control (untreated)....... 3 8.5 
5 §.5* 
Phosphate-pretreated....... 3 0.8 
4 0.9 
Phosphate-pretreated, then | 
reincorporation of DPN... 3 11.5 
5 8.7 


* Untreated mitochondrial preparations vary greatly in the 
per cent of pyridine nucleotide which they lose on aging, manipu- 
lation, or washing. Some lose very little, others a great deal. 
This may be a measure of damage, for mitochondria subjected to 
the reincorporation procedure with DPN are much less variable. 


TABLE II 


Functional activity of DPN reincorporated into phosphate-treated 
liver mitochondria 


Reincorporation: complex medium (see ‘‘Methods’’) + 2 mm 


DPN where indicated, 0°, 15 minutes, then 3 washes. Inecuba- 
tion, 40 min; 20 mm 8-hydroxybutyrate as substrate. 
of protein 
Control 
After reincorporation pro- 
cedure with no DPN.... 5.6 4.1 2.8 
After reincorporation pro- 
cedure with DPN....... 6.5 4.8 2.7 
Phosphate-treated 
0.7 
After reincorporation pro- | 
cedure with no DPN... .| 1.1 
After reincorporation pro- | | 
cedure with DPN....... | 6.9 | 3.8 2.9 


2 ml. of sucrose solution. The suspension was brought to a 
final volume of 0.5 ml. per tube. Variations on this basic pro- 
cedure are indicated with the individual experiments. 

For anaerobic experiments, the reincorporation incubation 
was carried out in Thunberg tubes evacuated and flushed several 
times with No. The subsequent centrifugation and washing of 
the mitochondria was carried out under Ne and with solutions 
flushed with No. 

Pyridine nucleotide determinations were carried out by the 
method of Lowry et al. (13) directly on a 25- to 30-yl. aliquot 
of mitochondrial suspension, using a Farrand fluorometer. 
Tissue blanks, with the pyridine nucleotides destroyed, were 
run on most experiments. Considerable care in adjusting the 
concentration of dilute alkali and seeing that all of the tissue is 
mixed with the alkali is important. The tissue blanks were 
approximately 10 to 15 per cent of the value for total pyridine 
nucleotide in fresh mitochondria and were deducted from the 
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total reading. Protein was determined by the method of Lowry 
et al. (14). 20 to 50 per cent of the protein was lost during 4 
washes after the reincorporation procedure. Phosphate was 
determined according to Fiske and SubbaRow (15). Oxygen 
consumption and phosphorylation were measured in the stand- 
ard way in Warburg flasks at 30° with 1 mg. of hexokinase + 
50 wmoles of glucose as the high energy phosphate trap (16). 
Between 5 and 8 mg. of mitochondrial protein were used per 


flask. 


RESULTS 


Many experiments have shown that reincorporation of pyr- 
idine nucleotides does occur in the presence of DPN and a com- 
bination of numerous substances (Tris, phosphate, Mg**, Mn*+, 
GSH, EDTA, glutamate, ATP, nicotinamide, CoA, and cyto- 
chrome c). Most of this reincorporated DPN is firmly enough 
attached in or on the mitochondria to still be present after as 
many as 5 washes (Table 1). Furthermore, the reincorporated 
DPN is functional, for these preparations show good oxygen 
consumption and often show P:O ratios almost as high as the 
original preparation (Table II). 

Effect of Temperature—The first experiments were conducted 
at 30°, but it was soon found that reincorporation occurred at 
least equally well at 0° (Table III). O° was chosen for most 
reincorporation experiments because it was felt that the phos- 
phorylation system might thus be better preserved. 

Time Course of Reincorporation—The process of reincorpora- 
tion occurs rapidly even at 0°. Very little time is required 
beyond the 10 to 15-minute period necessary to separate the 
mitochondria from the reincorporation medium by centrifuga- 
tion. In some experiments, an additional 5 minutes were re- 
quired for maximal reincorporation. Additional time up to 1 
hour resulted in no further change. 

Essential Constituents of Reincorporation Medium—ATP 
Requirement—Thorough study of the necessity for various 
substances in the original medium revealed that this could be 
simplified to contain only sucrose, Tris buffer, phosphate, and 
ATP (Table IV). This simple medium resulted in almost the 
sume amount of DPN reincorporation seen with the complex 


TABLE III 


Effect of temperature on reincorporation of pyridine nucleotide into 
phosphate-treated liver mitochondria 

Reincorporation: Complex medium (see ‘‘Methods’’), 10 min- 

utes, then 3 washings. 2 mM DPN where indicated. 


Totalfpyridine 
Mitochondria Reincorporation procedure (nucleotide, wmoles/gm. 
| of protein 
Control Rewashed 3 times | 4.3 
Phosphate-treated Full procedure with- 1.5 
out DPN | 
Phosphate-treated Full procedure with | 8.7 
DPN | 
| 
Control Rewashed 3 times 3.1 
Phosphate-treated Full procedure with- 1.7 
out DPN 
Phosphate-treated Full procedure with 6.5 
DPN 
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medium. Usually 2.5 mm ATP was employed. Reduction of 
the ATP concentration to 0.25 mm markedly decreased the 
amount of DPN reincorporated (see Table VI). No measurable 
amount of ATP disappeared during reincorporation. However, 
the amount of ATP added was large with respect to DPN re- 
incorporated and a change in ATP equivalent to the DPN re- 
incorporated would be difficult to detect. 

If ATP is added to the mitochondria 10 minutes before the 
DPN, very little reincorporation of DPN occurs (Table V). 
This failure is not due to loss of ATP via ATPase, for no sig- 
nificant amount is cleaved when ATPase is assayed under the 
exact conditions used. 

Certain other polyphosphate compounds can replace ATP. 
In equivalent concentrations, ADP is partially effective, but 
AMP is not. Other triphosphates like ITP and UTP produce 
significant effects. Unexpectedly inorganic triphosphate was 
consistently at least as effective as ATP. Inorganic pyrophos- 
phate had considerable effect in some experiments and very 
little in others (Table VI). DPN reincorporated under the 
influence of inorganic triphosphate is fully functional in oxida- 
tive phosphorylation (Table VII). 

Substrate and Other Components—EDTA usually causes a 
marked increase in the amount of DPN reincorporated when 
ATP is absent, or present in low concentration. In a simplified 
medium glutamate alone allows very little reincorporation. 
EDTA and glutamate together often completely replace ATP 
(Table VIII). The role played by EDTA in these cases is un- 
known, but substitution of other chelating agents such as 8-hy- 
droxyquinoline and o-phenanthroline was ineffective. Gluta- 
mate might act by generating small amounts of ATP, even at 
0°. Another possibility, that glutamate insures DPNH for 
rebinding, seems less likely in view of our finding that the re- 
bound DPN is in the oxidized form. Lester et al. (11) have 
suggested that substrate is essential to get some component into 
the reduced state. However, added substrate apparently is not 
essential if ATP is used. 

Inorganic phosphate, present in most experiments as it was 
carried over from the preincubation, could be largely removed 
(1 washing) without much change in reincorporation of DPN. 
The possibility that a small amount of phosphate may be essen- 


TaBLE IV 
Comparison of reincorporation media 
Total 
pyridine 
Mitochondrial preparation Reincorporation medium nucleotide, 
\umoles/gm. 
of protein 
Phosphate-pretreated....; STPN* + DPN 0.5 
Phosphate-pretreated....; STPN* + DPN + ATP 7.9 
Phosphate-pretreated....| Complex mediumf + DPN 8.7 
9.8 
Phosphate-pretreated. ... 0 
Phosphate-pretreated....; STPN + DPN + ATP 11.0 
Phosphate-pretreated....| STP + DPN + ATP 11.3 


* These letters stand for sucrose, Tris, phosphate, and nico- 


tinamide. 
t See ‘‘Methods”’ for details. 2mm DPN, 2.5mm ATP, 3 wash- 


ings. 
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TABLE V 
Effect of time of addition of ATP on reincorporation of DPN into 
phosphate-treated liver mitochondria 


Conditions: Phosphate-preincubated mitochondria, complex 
reincorporation medium, 2mm DPN, 15 minutes at 0° after final 
addition, then 4 washings. 


Total pyridine 


Sequence nucleotide, umoles/gm. 
of protein 
DPN and ATP added together.............. 10.1 


DPN added first, ATP 10 minutes later...... 12.9 


ATP added first, DPN 10 minutes later...... 2.6 
Neither DPN nor ATP added (phosphate- 
preincubated 2.3 


TaBLe VI 
Substitution of other polyphosphate compounds for ATP during 
reincorporation of DPN 
Conditions: phosphate-preincubated mitochondria, STPN re- 
incorporation medium (II), 2mm DPN, 15 minutes, 0°, 3 wash- 
ings. 


Total pyridine 
Polyphosphate compound nucleotide, zmoles/gm. 
of protein 

Experiment A 

2.5 mM inorganic triphosphate............. 14.5 

2.5 mM inorganic pyrophosphate........... 0.6 

Experiment B 

Experiment C 

2.5 mM inorganic pyrophosphate........... 7.0 
Experiment D | 

2.5 mM inorganic triphosphate............. 10.8 

1.25 mM inorganic triphosphate............ 7.8 


tial for reincorporation when using EDTA + glutamate instead 
of ATP remains to be explored. 

Nicotinamide is not essential if the mitochondrial preparation 
is sufficiently free from contamination with microsomal DPNase 
(Table IV). Since preparations vary, nicotinamide was used 
in most experiments to prevent possible destruction of DPN. 

Amount of DPN Reincorporated—lIt is possible to reincorpo- 
rate more DPN than was present originally in the mitochondria. 
As the DPN concentration in the reincorporation medium is 
raised, one sees a virtually linear increase in the amount rein- 
corporated (Fig. 1). The highest concentration tried resulted 


in reincorporation of at least 4 times more DPN than was pres- 
ent in the normal mitochondria. With 1 to 2 mm DPN in the 


| | | 


TABLE VII 
Functional activity of DPN reincorporated in presence 
of inorganic triphosphate 
Phosphate-preincubated mitochondria, STPN medium (II) 
(see ‘‘Methods’’) with 2mm DPN, 15 minutes, 0°, 4 washings, 0.01 
M glutamate as substrate in Warburg flasks with incubation for 
22 minutes at 30°. 


Total 
‘di 
Reincorporation conditions nucleotide, P:O 
of protein 
No ATP; no DPN ....... 0.5 0 0 0 
2.5 mM inorganic triphos- | 
78 | 43 10.7 2.5 
TaBLeE VIII 


Effect of EDTA on reincorporation of DPN 
The values in the table are umoles total pyridine nucleotide per 
gm. of protein. 


Experiment 
Mitochondria! preparation 
1 2 3 
Original mitochondria................ 5.4 §.7° 
Phosphate-pretreated................ 0.5 
Reincorporation—complete mediumf..| 8.6 8.7 
Reincorporation—EDTA omitted..... 5.2 4.7 
+ 5 6 
Original mitochondria................ 7.6 10.3 8.2 
Phosphate-pretreated—STPN medium) 0.7 3 1.0 
Reincorporation—STPN + 2.5 mM 
Reincorporation—STPN + 2 mmo 
Reincorporation—STPN + 6 mm glu- 
Reincorporation—STPN + EDTA + 


* Original mitochondria given 3 additional washings. 
+ See ‘‘Methods.”’ Reincorporation: 2 mm DPN, 0°, 15 min- 
utes, then 3 washings. 


reincorporation medium the amount reincorporated per mg. of 
protein is similar to that present in fresh mitochondria. 
Relation of Oxygen Consumption and Phosphorylation to Amount 
of DPN Reincorporated—The ability to oxidize glutamate and 
to esterify phosphate increases rapidly as the reincorporated 
DPN increases, but oxygen consumption reaches a plateau as 
the level of DPN normally present is approached and the phos- 
phate uptake tends to decrease slightly (Fig. 1). The large 
amount of extra DPN reincorporated with the high concentra- 
tions of DPN gives very little extra oxygen consumption. Such 
increases in oxidation as may occur with still higher levels of 
DPN seem not to be accompanied by any additional phosphory]l- 
ation. When extra DPN is added to the Warburg flasks con- 
taining mitochondria which have previously reincorporated 
DPN, there is often still more oxygen consumption but rarely 
any extra phosphorylation, a fact also observed by Lester et al. 
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Fig. 1. Relationship between the amount of DPN in the rein- 
corporation medium, the amount of DPN reincorporated, the oxy- 
gen consumption, and the inorganic phosphate uptake. 


(11). The rate of oxidation per gm. of protein is somewhat 
less than in fresh mitochondria (down 15 to 40 per cent). Un- 
doubtedly some dehydrogenase is lost in manipulation and wash- 
ing. Reincorporated DPN is also functional with @-hydroxy- 
butyrate and a-ketoglutarate. 

When amounts of DPN similar to those reincorporated are 
added directly to phosphate preincubated mitochondria in the 
Warburg flask, very much less oxidation occurs than when the 
same amount of DPN is carried into the Warburg flask as DPN 
reincorporated into mitochondria (Table LX). 

Effect of Anaerobic Conditions on Reincorporation—T he amount 
of DPN reincorporated in absence of oxygen was roughly the 
same as that seen aerobically. 

Reincorporation of DPN H—Direct tests on DPNH reincor- 
poration both aerobically and anaerobically showed that very 
little DPNH was incorporated as such. Aerobically, much of 
the DPNH was converted to DPN and significant rebinding 
was observed. Anaerobically, the amount of DPNH reincor- 
porated was quite variable. Destruction of DPNH during the 
incubation used for reincorporation does not explain this vari- 
ability. Neither the original mitochondria nor phosphate- 
treated mitochondria destroyed DPNH under anaerobic con- 
ditions at 0°. Investigations in this area are being continued. 

Mitochondrial Structure—Some relationship between mito- 
chondrial structure and reincorporation of DPN seems likely. 
Repeated attempts to incorpayate additional DPN into normal 
untreated mitochondria have failed. However, as seen in Fig. 
1, once the mitochondria have undergone swelling (and probably 
other changes) by preincubation with phosphate, they may 


reincorporate many times more DPN than was originally present. 


Reincorporation does not occur with mitochondria which have 
swollen and lost pyridine nucleotide as the result of suspension 
in water or preincubation with 2 10-4 ZnCl. Some rein- 
corporation occurs after similar changes induced by arsenite 
(Table X). Mitochondria frozen in liquid N» and stored 24 to 
48 hours at —20° showed essentially normal reincorporation of 
DPN following preincubation with phosphate. Aging for 24 
hours at 0° caused a partial loss of ability to reincorporate DPN. 
Thus it seems that certain types of change (partially structural) 
permit reconstitution whereas others do not. 

Electron micrographs were made of phosphate preincubated 
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mitochondria just before and after reincorporation of DPN? 
As illustrated in Fig. 2, there seems to be little suggestion of 
any detectable structural change resulting from the reincorpora- 
tion procedure. 

Optical density at 520 my, often used as a tool for measuring 
mitochondrial swelling and reversal of swelling, did not increase 
during reincorporation. For example, 1:50 dilutions read as 
follows: untreated mitochondria, 0.718; phosphate pretreated, 
0.308; after reincorporation of DPN, 0.297. 


DISCUSSION 


A most fundamental question is whether reincorporation of 
DPN into mitochondria is the result of (a) binding to specific 
sites, (b) binding to nonspecific sites, or (c) merely a matter 
of retention of reincorporated DPN by decrease in the permea- 
bility of the mitochondrial membrane. Actually all three of 
these phenomena may occur. 

Direct evidence for binding to specific sites has not been 
readily available even for fresh mitochondria.? Bound pyridine 
nucleotide or rebinding of pyridine nucleotide has yet to be 
demonstrated in most of the smaller submitochondrial particles. 
However, very small amounts of functionally very active pyr- 
idine nucleotide are present in mitochondrial subunits prepared 
with digitonin (Lehninger et al. (5)). The high functional 
activity of small amounts of pyridine nucleotide in mitochondria 
and the close correlation of the amount of mitochondrial pyr- 
idine nucleotide with oxidative rate and the Amytal and anti- 
mycin A sensitive oxidative pathway have strongly suggested 
specific binding. Similarly the high activity of reincorporated 
DPN with respect to oxygen consumption and phosphorylation 
suggests that some specific rebinding occurs. Whether pyridine 
nucleotide bound to dehydrogenases dissociates and shifts to 
flavoprotein when it is reduced, or whether the electron shift 
occurs ina matrix not requiring actual transposition of pyridine 
nucleotide molecules is not known. 

Reincorporation of large excesses of DPN into mitochondria 
without concomitant increases in oxygen consumption indicates 
that binding to nonspecific sites must be considered. If such 
binding occurs, it involves the paradoxical observation that 
ATP (or EDTA + glutamate) is essential for it to occur, vet 
ATP added before DPN prevents it from occurring. 

Several observations suggest that the third possibility, re- 
tention by decrease in membrane permeability, plays a role. 
This effeet may be superimposed on rebinding to specific sites. 
The evidence may be summarized as follows. (a) The amount 
of DPN reincorporated is directly proportional to the concentra- 
tion in the medium. With high concentrations it far exceeds 
the pyridine nucleotide originally present, without suggestion 
ofa limit. (6) ATP induces reincorporation of DPN but if the 
ATP is added a few minutes before DPN, no reincorporation 


7An aliquot of mitochondrial suspension was mixed with an 
equal volume of 2 per cent osmic acid in a modified Dalton’s buffer 
with 0.25 mM sucrose at 5°. The fixed mitochondria were centri- 
fuged. Small portions of the pellet were embedded in agar, de- 
hydrated through graded concentrations of ethanol, embedded in 
a 1:8 mixture of methyl and butyl methacrylate. After the 
methacrylate had polymerized (18 hours at 60°), sections were cut 
on a Porter-Blum microtome with a glass knife. Photomicro- 


graphs were made with an RCA EMU-2 electron microscope. 

3 After the preparation of this manuscript, Chance and Balt- 
scheffsky (17) reported that fluorescence spectra suggest that the 
reduced pyridine nucleotides are essentially all bound to some 
component in the mitochondria. 
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TABLE IX 
Comparison of functional activity of reincorporated DPN and DPN 
added in Warburg flask 
Reincorporation: Complex medium (see ‘‘Methods’’), 0°, 15 
minutes, 4 washings, 0.01 M glutamate as substrate for Warburg 
experiment. 


Total pyridine 
nucleotide in Warburg 
flask, umoles 


| AO», 
Mitochondrial preparation | patoms mg. P:O 
| 
| flas | 
Original mitochondria. . . | 0.028 | None | 1.8 | 3.1 
| 0.003 None 0 0 
Phosphate-pretreated + | | | 
reincorporation.. | 0.023 | None | 1.11 | 2.6 
Phosphate-pre- 0.003 3.60 0.80 2.1 
treated | | 
Phosphate-pre- added in 0.008 0.50 1.9 
treated Warburg 
Phosphate-pre- flask 0.008 0.03* 0.08 1.9(?) 


treated 


* Roughly equivalent to the DPN in the reincorporated mito- 
chondria. With such low oxygen consumption the P:O is sub- 
ject to large error. 


TABLE X 

Reincorporation of DPN after pretreatment of mitochondria with 
various kinds of swelling inducing agents 

Reincorporation: in all cases, complex medium (see ‘‘Meth- 

ods’’), 15 minutes, 0°, 3 washings. 


Total pyridine 
nucleotide, wmoles gm. 


DPN present of protein 


Pretreatment Experiment 
procedure 
1 2 3 
| 5.3 | 4.5 | 9.8 
Phosphate, 0.02 Mm, 1.0 | 1.0 
3.9 | 7.5 
> 
Water suspension,t 30°. 1.6 

1.8 | 
Water suspension,t 1.5 | 2.4 | 3.9 
+ 1.6 | 2.4 | 4.0 
Arsenite, 3 mM, 30°... 0.9 | 1.2 
| + | | 2.9 | 5.3 


* Control was pretreated at 30° in Experiment 1; 0° in Experi- 
ments 2 and 3. 

+ Water suspension was 1:50 in Experiment 1; 1:20 in [:xperi- 
ments 2 and 3. 


occurs. It would seem that DPN cannot penetrate phosphate- 
treated mitochondria after exposure to ATP. Competition 
between ATP and DPN for binding sites seems less likely, as 
full reincorporation occurs when both are added simultaneously, 
lowering ATP decreases DPN reincorporation, and doubling 
the ATP has no effect. (¢) Inorganic triphosphate is as effective 
as ATP in producing reincorporation. (d) EDTA, especially 
with glutamate, causes reincorporation. EDTA is well known 
to block mitochondrial swelling. The fact that it blocks a 
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Fig. 2 A, normal rat liver mitochondria isolated in 0.25 M sucrose; B, mitochondria incubated with 0.02 mM phosphate at 30° for 15 


minutes. 


Characteristically, 40 to 60 per cent are markedly swollen, whereas the others are nearer to normal size and density (details 


on these changes will be presented in a separate paper); C, after reincorporation of I)PN with complex medium (see ‘‘Methods’’). 


wide variety of swelling inducing agents suggests that it does 
so by complexing with some part of the membrane rather than 
merely chelating some detrimental metal ion. (¢) Suspension 
of mitochondria in HeO causes membrane changes or loss of 
material so that reincorporation of DPN is very low. Thus, 
part of the phenomenon of reincorporation may represent trap- 
ping of DPN which has entered the swollen mitochondria. 

The nature of the membrane changes which decrease perme- 
ability is unknown. It is possible that they are produced by 
some polyphosphate ions and certain other ions like EK DTA 
without relation to high energy phosphate per se. However, 
ITP and UTP were less effective than ATP and partial conver- 
sion has not been ruled out. 

In our work, retention of DPN occurred with ATP alone 
and without detectable structural change. The changes in the 
membrane must be bevond the resolution of the electron micro- 
scope. Ernster and Navazio (3), Eernster (4), and Ernster and 
Lindberg (18), in their experiments showing reversal of optical 
density and alterations in accessibility of DPN to dehydrogen- 
ases, used Mn** in combination with ATP. 

It is well known that anaerobic conditions prevent the loss 
of pyridine nucleotide from mitochondria under a variety of 
conditions (6). The simplest explanation would be that re- 
duced pyridine nucleotide is the form tightly bound in the mito- 
ehondria (4, 11, 17). This would be completely consistent with 
the fact that most of the pyridine nucleotide in freshly isolated 
mitochondria, is in the reduced form. However, the DPN 
reincorporated into phosphate-treated mitochondria is largely 
oxidized, yet it does not wash out. Aerobically with DPNH 
some reincorporation occurs, but the chemical determinations 
show that most of the DPNH has been oxidized. In the pres- 
ence of EDTA, the pyridine nucleotide in normal mitochondria 
remains bound though completely oxidized (11). 


The evidence available from all sources suggests that in mito- 
chondria part of the pyridine nucleotide may be retained by a 
membrane and part of it bound to specific active sites. This 
situation would seem to apply both in normal mitochondria 
(5, 17, 19) and in those put through a reincorporation or re- 
binding procedure. Most of the DPN reincorporated is in the 
oxidized form, but there is sufficient reduced form so that either 
or both could be bound to some specific sites. Studies on the 
binding of nucleotides to the enzymes in’ submitochondrial 
particles of different tvpes should provide more direct informa- 
tion on specific binding sites. 


SUMMARY 


1. Reineorporation of diphosphopyridine nucleotide — into 
phosphate swollen rat liver mitochondria can occur in the pres- 
ence of adenosine 5’-triphosphate alone and does not require 
a more complex medium. Inorganic triphosphate is just as 
effective as adenosine 5’-triphosphate. Ethylenediaminetetra- 
acetate is also effective to some extent in promoting reincorpora- 
tion; its effect is maximal in the presence of a substrate such 
as glutamate. With low concentrations of diphosphopyridine 
nucleotide the reincorporated diphosphopyridine nucleotide is 
functional in coupled oxidative phosphorylation. 

2. The diphosphopyridine nucleotide reincorporated, most of 
which is in the oxidized form, is directly proportional to the 
concentration used, even when 4 times as much is reincorporated 
as was originally present. 

3. exposure of the mitochondria to adenosine 5’-triphosphate 
before exposure to diphosphopyridine nucleotide prevents. re- 
incorporation. 

The implications of these findings are discussed with respect 
to specificity of binding sites and the permeability of mito- 
chondrial membranes. 
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Whereas sensory input and reflex discharge are constant phe- 
nomena in brain, the retina receives its functional stimuli from a 
specific, controllable source (1). Brattgard (2) has investigated 
effects of light deprivation on total mass, pentose nucleoprotein, 
and protein in ganglion cells of rabbit retina. Zetterstrom (3) 
determined electroretinographic responses of kittens grown in 
total darkness, and with Hellstrom (4) examined —SH _ group- 
staining properties of such retinas. This investigation was un- 
dertaken to determine the effects of total light deprivation on ret- 
inal enzyme activities. Rabbits were grown from birth either in 
total darkness or in normal diurnal light variation. At various 
ages their retinas and. brains were assaved for dry weight, lipide, 
and protein content, and activities of several different enzymes 
(alkaline and acid phosphatases, isocitric, glutamic, lactic, malic, 
and glucose 6-P dehydrogenases). Histological and functional 
properties of the retinas were also examined. 

Significant decreases were found in malic and lactic dehydro- 
venases, and acid phosphatase, and an increase in glucose 6-P 
dehydrogenase in the retinas of animals grown in total dark- 
ness from birth. These changes were not found in brain, nor did 
they occur in adult animals deprived of light for a similar period 
of time. ‘These effects were not a result of changes in total pro- 
tein content, per cent dry weight, or lipide. Histological in- 
vestigations did not reveal any tissue changes that could be re- 
lated to the alterations of enzyme patterns. 


EXPERIMENTAL 


General—The albino rabbits used in these experiments were 
obtained from the same inbred stock. All animals designated 
as adults were 10 to 12 months of age. Pregnant rabbits were 
obtained 7 to 10 days before delivery. Each was placed in 
a single cage where the litters were born and housed throughout 
the duration of the experiment. Two litters were grown in 
ordinary cages; two others were grown in cages from which all 
light was excluded. The two pairs of “light” and ‘tdark”’ litters 
were separated in age by 14 days. At 26, 60, and 120 davs of 
age several animals were removed from each cage and the de- 
terminations performed as deseribed below. Cages from which 
all light was excluded were constructed of plywood and painted 
dull black on all inside surfaces. Ventilation, feeding, and 
cleaning were performed without introduction of light by means 
of suitable light-excluding devices. Frequent exposure of photo- 
graphic film inside the cages revealed no demonstrable light ex- 
cept when animals were being removed. 

*Supported by a grant from the Lucie Stern Foundation. 


7 Present address, Massachusetts General Hospital, Boston 14, 
Massachusetts. 


Because of the large number of assays performed on each 


retina and brain, at most 5 or 6 animals could be used on any 


given day. Therefore all animals of a given age, both light and 
dark, were randomized into two groups, and the assays repeated 
on two consecutive days. The order of preparation of the ani- 
mals in each day’s experiment was determined by random lot, 
and this order was subsequently followed in the specific assays 
performed. 

The animals were briefly tested for direct and consensual 
pupillary light reflexes in a dimly lit room. Newborn and 26- 
day-old animals were killed by decapitation; older animals were 
killed by air injection. The eveballs and brain were rapidly re- 
moved ina cold room. The retinas were prepared first. The 
sclera was incised along the limbus and the cornea, lens, and 
vitreous were removed. The retina and sclera were flattened 
on filter paper and blotted dry. The retina was scraped free of 
the sclera with a small spatula, and the choroid with its large 
blood vessels was then lifted free from the retinal tissue. The 
retina was divided into two equal portions; one was placed in a 
weighed vial, the other weighed on a torsion balance and made 
into a 1:200 homogenate with glass-distilled water and with use 
of a hand-driven glass homogenizer. The entire brain’ was 
excised and divided longitudinally into two equal samples and 
treated essentially as described for retina. The time consumed 
from the death of the animal until completion of the tissue 
preparation was never longer than 20 minutes. This routine 
was altered in the case of newborn animals where an entire 
retina was used for weight determinations and another for en- 
zyme assays because of the small amount of tissue. One or two 
adult rabbits were used in each experiment as controls. 

Microscopic Sections—Samples from the macular area and the 
periphery of formalin-fixed retinas were stained with hematoxylin 
and eosin. Sections were made of a single retina of each of 
the following: adult, newborn, 60-day light, 60-day dark, 120- 
dav dark, and 120-day light. 

Wet Weight, Dry Weight, Fat-lree Weight, Total Protein—The. 
tissues were dried under vacuum until weight was constant. 
Lipides were extracted with absolute alcohol at room temperature 
for two 12-hour periods followed by washing with n-hexane. 
Total protein was determined on the homogenate by the method 
of Lowry et al. (5). 

Enzyme Assays—All assays of enzyme activity were performed 
on the 1:200 water homogenates. [enzyme activities were as- 
saved in the following sequence in each day’s experiment: alkaline 
phosphatase, acid) phosphatase, and isocitric, glucose-6-P, glu- 
tamic, lactic, and malic dehydrogenases. All assays were per- 
formed on 1.0 to 3.0 we. wet weight of tissue, with the procedures 
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for handling samples, making and calibrating Lang-Levy pipettes, 
and cleaning the micro test tubes as described by Lowry et al. 
(6). Alkaline and acid phosphatases were assayed by the meth- 
ods of Lowry et al. (7). The p-nitrophenyl phosphate was ob- 
tained from the Sigma Chemical Company, St. Louis, Missouri. 
The incubation tubes were sometimes frozen directly after addi- 
tion of the 0.2 N NaOH and stored for | to 2 days without increase 
in blank readings or changes in enzyme activity. 

All dehydrogenases studied are pyridine nucleotide-linked and 
their assays depend on the measurement of DPN, DPNH, or 
TPNH formed. The fluorometric method of Lowry et al. (8) 
was used for these measurements. Lactic and malic dehydro- 
genases were assayed by modifications of the methods of Strom- 
inger and Lowry (9). 2-Amino-2-methyl-l-propanol (Kastman 
Chemicals, Rochester, New York), 0.1 mM, pH 10.0, was substi- 
tuted for a glycine buffer without alteration of malic dehydro- 
genase activity. The DPNH formed was measured with the 
fluorometric method rather than the colorimetric one originally 
described. 85 per cent racemic sodium lactate (Mallinckrodt 
Chemical Works, St. Louis, Missouri) and t-malie acid (Nutri- 
tional Biochemicals Corporation, Cleveland, Ohio) were used as 
substrates. Glutamic dehydrogenase was assayed by the method 
of Lowry et al. (10). Glucose 6-P dehydrogenase was assayed by 
the method described by Kuhlman and Lowry (11).  Isocitric 
dehydrogenase was assayed by the method developed by Lowry 
and Lewis! in which fluorescence of TPNH is measured. a-keto- 
glutaric acid, glucose 6-phosphate, isocitric acid, and all pyridine 
nucleotides were obtained from Sigma Chemical Company. 

All enzyme assays and protein determinations were done in 
quadruplicate on each sample. Enzyme activity is expressed as 
moles of product formed per kg. wet weight of tissue per hour of 
incubation, and is expressed as moles, /kg.~-!/hr.-!.. In enzyme 
assays on adult retinas the variance between animals or between 
experiments was not greater than that between pairs of retinas 
from individual animals. Consequently each retina was rou- 
tinely considered as an independent sample rather than the mean 
of both retinas from an animal. 


RESULTS 


The animals grown in total darkness showed no ill effects; 
their weights at all ages were in the same range as animals grown 
in daylight. At birth sluggish pupillary responses were present. 
The 26-day-old animals grown in total darkness showed good re- 
sponses to direct light but a consistent absence of consensual 
pupillary light reflex. The 26-day-light animals and all animals 
of older ages had normal, brisk light reflexes. 

Histology—There were no differences in staining properties of 
retinas of animals grown in total darkness at either 60 or 120 
days, nor were there any structural changes compared with 
control animals of similar age. At birth the inner and outer rod 
and cone segments are poorly developed and are represented by 
short, undifferentiated extensions of the rod and cone cells. The 
rod and cone and bipolar cell nuclear layers have not become 
distinct layers, and the ganglion cells are much smaller than in 
adults. By 60 days the retina shows a histological pattern 
similar to the adult. 

Total Weight, Dry Weight, Lipide-free Weight, Total Protein— 
The results are summarized in Table I. There were no differ- 
ences between animals grown in total darkness and those grown 


1 Personal communication from O. H. Lowry. 
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TABLE I 


Total weight, per cent dry weight and lipide content, and total protein 
of newborn, 26-, G0-, 120-day, and adult rabbits grown 
in total darkness or in daylight 
All the data are mean values for the number of samples indi- 
cated at each time. Directly under each mean is recorded the 
standard deviation of the individual observations. The per cent 
dry weight and lipide-free weight are based on the wet weight as 
100 per cent. Total protein is expressed in gm. per kg. wet 


weight. Land D denote animals grown in daylight and total dark- 
ness, respectively. 
Total weight | Dry weight |  Lipide-free Total protein 
Age | 
Brain 
days gm. | % | % gm./kg 
0.20 0.4 0.3 0.9 
26 $ 4 5.00 5.15) 18.5 18.5 10.0 10.0 | 86.3) 86.1 
0.15 0.15 0.7; 0.6) 0.2 0.2 0.5 0.7 
60 1! 8.70) 8.65 | 21.4) 21.6) 11.4 | 11.5 | 95.0) 96.5 
0.20 | 0.15 0.3) 0.6; 0.9 0.5 1.5 1.8 
120 6 6) 8.60 | 8.80 | 21.6; 21.3) 11.2 | 11.3 | 95.8! 96.4 
0.20 | 0.20 0.3) 0.3) 0.2 0.3 1.0; 1.0 
Adults; 12 | 2 | 8.70 | 8.70 | 21.7: 22.0) 11.2 | 11.3 | 96.6) 96.4 
0.15 0.3 0.5 0.6 
Retina 
0 7 14.1 13.1 Fe 71.3 
2.0 0.3 0.3 1.0 
26 8 | 8 | 23.7 | 25.2 | 17.3) 16.8) 12.3 | 12.0 | 94.5] 94.5 
2:31 2.2) 0.@ @.8! O91 6.7 
60 6} 7 48.6 | 48.0 | 16.4 16.8 13.4 | 13.4 |107  /|107 
1.8 2.0 0.44 0.3) 0.2 0.2 3 4 
120 9 |} 9) 53.0 | 51.7 | 16.5) 16.8 13.5 | 13.4 116 (116 
2.0; 2.3; 0.44 0.44 0.3) 0.3} 2 2 
Adult | 23 | 4 | 55.0 | 57.0 | 16.5, 16.4 12.9 13.3 |116 116 
2.0 3.0 0.3) 0.4 0.5 0.3 2 3 


in daylight. It can be seen that retina contains more protein, 
more water, and much less total lipide than does brain at each 
age. Furthermore the increase of weight, protein, and lipide in 
the retina is not complete until 120 days, whereas brain attains 
full growth in 60 days. 

Enzymes—Storage of water homogenates at 4° for periods of 
time up to 5 hours after preparation was without effect on en- 
zyme activity except in the cases of alkaline and acid phospha- 
tase, which showed decreases of 20 to 25 per cent after 4 hours. 
Therefore these two enzymes were always assayed in the first 
hour after preparation. 

Table II presents the results for the individual enzymes. For 
each enzyme an analysis of variance was performed to determine 
significance of changes in enzyme activities with respect to both 
age and effects of light deprivation. Where the sample sizes 
were greater than 4 and 6 for brain and retina, respectively, 
values were excluded randomly to facilitate calculations. Signifi- 
cance of differences within individual age groups was determined 
by the ¢ test. 

The retina was found to be richer than brain in all enzymes 
assayed. The ratio of activity of retina to brain varied from 
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Enzyme activities in brain and retina of rabbits at different ages grown in daylight or total darkness 


Activities are expressed as moles of product formed per kg. wet weight of tissue per hour at 37°. Values are expressed as means + 


standard errors. 


N for brain and retina are 4 and 6, respectively, except for adult rabbits grown in total darkness in which cases N js 


2 and 4, respectively. L and D denote animals grown in daylight and total darkness, respectively. Data for adult controls under D 
represent fully grown animals placed in total darkness for 120 days. 


Dehydrogenases | Phosphatases 
| 
Age Isocitric Glucose 6-P Glutamic Lactic Malic Alkaline Acid 
Be D a | D L D L D L D L D L D 
Brain 
days | 
0 0.91 0.132 0.176 0.63 . 0.127 0.170 
+0.03 +0.004 +0.005 +0.02 +0.04 +0.008 +0.010 
26 1.01 1.00 | 0.158 0.162 | 0.86 | 0.86 | 1.40 1.34 | 5.40 | 5.31) 0.184 | 0.179 | 0.235 | 0.237 
.02 .02 .006 005 Ol 04 | 05 007 .004 006 
60 1.10 1.09 0.183 0.194 }.33 1.08 1.35 1.34 6.50 6.49 0.120 0.119 0.249 0.255 
.03 .02 .007 .006 .02 .03 .03 04 | 05 006 .005 .004 005 
120 1.13 1.10 0.185 0.188 1.09 1.09 1.36 1.34 6.57 | 6.51 0.120 0.122 0.250 0.248 
03 02 006 006 03 02 03 04 007 008 005 003 
Adult con- 1.07 1.08 0.185 0.183 1.08 1.07 1.34 1.34 6.52 | 6.56 0.120 0.132 0.250 0.246 
trols .03 004 009 .03 .05 .02 .04 | 06 003 .009 006 005 
| 
Retina 
0 0.68 | 0.49 0.139 2.60 3.14 0.247 0.51 
+0.03 | +0.02 +0.009 +0.05 +0.03 +0.007 +0.03 
26 1.41 1.44 1.95* | 2.20 0.89 0.86 3.10 3.10 6.71* 6.43 0.257 0.263 1.00* 0.85 
04 03 03 02 03 04 13 09 008 006 02 03 
60 1.36 2.34" 2.53 2.09 2.07 3.45* 3.07 9 .73* 9.20 0.299 0.294 1.33* 1.13 
.03 .03 .05 05 .03 .03 . 04 OS 10 .008 007 03 
120 1.390* 1.29 2.30 2:37 2.20 2.08 3.43* 3.21 9. 85* 9.46 0.257 0.248 1.38* 1.13 
03 05 04 04 06 03 07 07 008 007 03 05 
Adult con- 1.40 1.36 2.30 2.34 2.20 2.18 2.43 3.41 9.85 9.71 0.268 0.266 1.35 1.35 
trols .02 .06 04 .08 03 .04 .02 .05 05 10 .008 010 03 06 


* Significant differences (P < .01) between light and dark groups. 


1.3 for isocitric dehydrogenase to 5.3 and 12.8 for acid phos- 
phatase and glucose 6-P dehydrogenase, respectively; the other 
ratios were all approximately 2.0. 
and malic dehydrogenases showed increasing activity with age, 
and this increase was largely confined to the first 26 days. 
the other hand in retina all but alkaline phosphatase showed 
increasing activity with age, and in most cases this took place 


over the entire first 60 days. The pattern of alkaline phos- 


In brain only lactic, glutamic, 


On 


phatase was unusual in that peaks of activity were found at 26 not 


and 60 days in brain and retina, respectively, although there 
was no systematic alteration of activity with age. 

No significant differences in enzyme activity could be demon- 
strated in brains of the animals deprived of light from birth com- 
pared with those grown in normal daylight. 
other hand, certain differences were found in the animals grown 
In the case of both enzymes found to be much 


in total darkness. 
richer in retina than in brain (acid phosphatase and glucose 
6-P dehydrogenase), significant differences are present at most 


ages. Changes were also noted in lactic and malic dehydro- 
genases. Except for glucose 6-P dehydrogenase which showed 
increased activity, all changes were decreases in activity in 
retinas deprived of light stimulation. 
hydrogenase and acid phosphatase the change was present at 


In retinas, on the 


In the cases of malic de- 


every age and amounted, respectively, to 10 and 15 per cent 
decreases from normal. With lactic dehydrogenase the differ- 
ence was not found until 60 days. In the case of glucose 6-P 
dehydrogenase by the end of 120 days the higher level in dark 
animals was no longer significant. There did not appear to be 
any consistent pattern in the development of enzyme activity 
either in brain or retina that would differentiate those enzymes 
which showed effects from light deprivation from those that did 


Two adult animals were placed in total darkness for 120 days. 


At the end of this time they showed no differences from the adult 


controls in enzyme activity of either brain or retina, nor were 
there any differences in total weight, per cent dry weight or 
lipide, or total protein. Thus adult rabbits subjected to a sim- 
ilar period of light deprivation do not show the alterations of 
enzyme activity displayed by the growing animals. 


DISCUSSION 


These results show that specific enzyme alterations can be 
induced in a particular nervous tissue by changing the functional 
status of that tissue. Although the changes in enzyme activities 
observed here in the retinas of animals raised in the dark ranged 
only from 4 to 18 per cent of the normal values, they were 
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highly significant statistically. The reality of the changes 
noted for certain enzymes is emphasized by the fact that in the 
same retinas the activities of other enzymes showed no light-dark 
differences whatsoever at any age, and also by the complete ab- 
sence of light-dark differences in brains of the same animals. 

Unfortunately too little is yet known about the roles of the 
enzymes studied here in the visual process to permit interpreta- 
tion of the specific changes induced by light deprivation. If any 
of these changes were confined to certain retinal layers, their 
magnitudes could obviously be greater than appears in the anal- 
yses of whole retina performed here. Such a possibility is 
suggested by the findings of Strominger and Lowry (9) of mark- 
edly different distributions of lactic, malic, and glutamic de- 
hydrogenases in the layers of adult rabbit retina. Malic 
dehydrogenase, for example, was richest in the inner rod and 
cone segments, and lactic dehydrogenase was likewise richer in 
the inner retinal layers. Kuhlman and Lowry (11) have shown 
that enzyme activity may increase in one layer while decreasing 
in other layers during the postnatal development of the rat 
cerebral cortex. Extension of our findings to the effects of light 
deprivation on enzymes of the individual retinal layers would be 
useful. 

In an investigation of biochemical changes in retinal ganglion 
cells under various physiological conditions, including prolonged 
light deprivation, Brattgard (2) showed that prolonged light 
deprivation for periods up to 4 months was required to produce 
a 50 per cent decrease in cell protein content, although pentose 
nucleoprotein was rapidly depleted in several days. He also 
found that although light deprivation was without effect on 
ganglion cell protein in the adult rabbit, decreased protein con- 
tent could be shown in growing animals deprived of light from 
birth. The results reported here indicate that the decrease in 
enzyme protein does not involve all enzyme activities, but rather 
that only certain ones are altered. The results on total protein 
in retinal homogenates do not confirm such large decreases in 
protein content as found by Brattgard (2) for ganglion cells, 
and hence his finding cannot be assumed for all cellular elements 
inretina. It might be, however, that enzymes more specifically 
involved in vision, e.g. the alcohol dehydrogenase and retinene 
isomerase of Hubbard and Wald (12) and Hubbard (13), would 
have shown much larger differences. 

Light deprivation does appear to have effects on certain 
electrophysiological properties of retina. Zetterstrom (3) found 
that the onset of the electroretinogram of kittens reared in total 
darkness could be delayed at most for 28 days, after which time 
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it rapidly became indistinguishable from that of control animals. 
Hellstrom and Zetterstrom (4) subsequently showed that the ex- 
tent of —SH group-staining in retina, as demonstrated by histo- 
chemical techniques, was diminished, particularly in the nuclear 
layers of the retinas of kittens deprived of light from birth. 
Upon exposure to light, the —SH group-staining increased to 
normal intensity within several hours. Boell and Shen (14) 
have shown that the extirpation of the eye of Amblystoma before 
the optic nerve develops results in hypoplasia of the midbrain on 
the involved side with failure of development of cholinesterase 
activity. 

The results presented here together with those of the workers 
cited above suggest a role of normal function in the proper 
biochemical development of nervous tissue. In rabbit retina 
continued stimulation appears to be necessary for normal devel- 
opment of some, but not all, enzyme activities. Absence of stim- 
ulation may result in either increases or decreases of enzyme ac- 
tivity. 

SUMMARY 


1. The effects of light deprivation on retinal enzyme levels of 
alkaline and acid phosphatase, isocitric dehydrogenase, glucose 
6-phosphate dehydrogenase, glutamic dehydrogenase, lactic de- 
hydrogenase, and malic dehydrogenase, total weight, per cent 
dry weight, and lipide and protein content were investigated in 
rabbits born and reared in total darkness for periods up to 120 
days. 

2. Small but significant decreases in activity of malic dehydro- 
genase, lactic dehydrogenase, and acid phosphatase and an 
increase in glucose 6-phosphate dehydrogenase were found in the 
animals reared in total darkness. These effects were present 
only in retina and did not occur in brain, nor in retina or brain 
of adult animals deprived of light. The changes in enzyme ac- 
tivities did not result from alterations in water, total protein or 
lipide content. Histological examinations revealed no structural 
abnormalities in the retinas of rabbits deprived of light. 

3. It is proposed that normal biochemical development of a 
nervous tissue may be dependent upon continued functional 
stimulation. 
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